Declassified and Approved For Release 2013/02/01 : CIA-RDP10-0-2196R0008000‘30002-2‘ X

. " Russian Orlgma/ Vol. 48, No. 2, February, 7980
' August, 1980

 SATEAZ 48(2) 71-152 (1980)

kS

g - 5 - NOV 1980 -

o swm
* ATOMIC
~ ENERGY

< - "ATOMHARA SHEPIUA
- (ATOMNAYA ENERGIYA)

¥

TRANSLATED FROM RUSSIAN

AR 'CONSULTANTS BUREAU, NEW YORK'

]

—

Declassified and Approved Fo} Release 2013/02/01 : CIA-RDP10-02196R000800030002-2



4+ - N T A . Ce— e = - —

Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030002-2

SOVIET
- ATOMIC
ENERGY

—~

Soviet Atomic Energy is abstracted or. in-
dexed in Chemical Abstracts, Chemical
Titles, Pollution Abstracts, Sr:/ence Re-
search Abstracts, Parts A and B, Safety
'SCIence Abstracts - Journal, Current Con-
tents, Energy Research Abstracts, and
Engineering Index. -

/

. Russian |ournal

\

' 6 New York, New York 10011 -

Soviet Atom/c Energy is a translation of Atomnaya Energfya a'

publication of the Academy of Sciences of the USSR.

~ An agreement with the Copyright Agency of the USSR (VAAP)-
makes available both advance copies of the Russian journal and

original glossy photographs and artwork. This serves to decrease
the necessary .time lag between publication of the original and
publication of the translation and helps to improve the quality
of the latter. The translation began with the first issue of the

Editorial Board of Atomnaya Energiya:

Editor: O. D. Kazachkovskii ~. C o

,

Associate Editors: N. A. Vlasov and N. N._Ponomarev-.Stepnoi

Secretary: A. I. Artemov ~ ' '
I. N. Golovin . .V. V. Matveev
V. . llfichev I. D. Morokhov
V. E. lvanov - A. A. Naumov
V. F. Kalinin . A. S. Nikiforov )
P. L. Kirillov -! A. S. Shtan’ .
. Yu. I. Koryakin B. A. Sidorenko
A. K. Krasin ... M. F. Troyanov
E. V. Kulov ' E. I. Vorob'ev .
B. N. Laskorin

Copyright © 1980 Plenum Publishing Corporation. Soviet Atomic Energy partici-
pates in the program of Copyright Clearance Center, Inc. The appearance of a
code line at the bottom of the first page of an article in this journal indicates the
copyright owner’s consent that copies of the article may be made for personal or
internal use. However, this consent is given on the condition that the copier pay the
stated per-copy fee through the Copyright Clearance Center, Inc. for all €opying not
explicitly permitted by Sections 107 or 108 of the U.S. Copyright Law. it does not
extend to other kinds of copying, such as copying for general distribution, for
advertising or promotional purposes, for creatmg new collective works, or for resale,
nor to the reprinting of figures, tables, and text excerpts.

Consuitants Bureau idurnals appear about six moﬁths after the publication of the

original Russian issue. For bibliographic accuracy, the English issue published by
Consultants Bureau carries the same number and date as the origina!'Russian from
which it was transiated. For example, a Russian issue published in December will
appear in a Consultants Blreau English translation about the following June, but the
translation issue will carry the December date. When ordering any volume or pamcu-
far issue of a CQnsultants Bureau journal, please.specify the date and, where appli-
cable, the Volume and issie numbers of the original Russian. The material you will

,'receive will be a translation of that-Russian volume or ussue

Subscription (2 volumes per year)

Vols. 46 & 47: $147.50 per volume (6 Issues) Single Issue: $50
Vols. 48 & 49: $167. 50 per volume (6 Issues) " Single Article: $7.50

Prices somewhat higher outside the United States. : '

I:(IIISUIJANTS“BIIIREAU, NEW YORK AND LONDON

227 West 17th Street

'+

- Published monthly. Second-class postage paid at Jamaica, New York 11431.

~

Declassified and Apprc:ved For Release 2013/02/01 : CIA-RDP10-02196R000800030002-2

.



et e — . "

Declassified and Approved'F’_of Release 2013/02/01 : CIA-RDP10-02196R000800030002-2

SOVIET ATOMIC ENERGY

A translation of Atomnaya énergiya
August, 1980

Volume 48, Number 2 | . February, 1980
CONTENTS
_Engl./Russ.

ARTICLES

Dependence of 22U Formation in Nuclear Fuel on Neutron Spectrum T. S. Zaritskaya,
8. M. Zaritskii, A. K. Kruglov, L. V. Matveev, A. R. Rudik, and E. M. Tsenter

Structural Reliability of Atomic Power Plant — A, I. Klemin and E. F, Polyakov .., .. .. '
Estimating the Carrying Capacity of ercomum Fuel-Element Shells — V, I, Solyanyi

and V. 8. YamniKov. . . . ... e e e
Crystal Structure of ° Phase in U- Mo U—Re, and U—Nb Alloys — N. T. Chebotarev

and O, N, Utkina . e, . et et e e et e e e e e e e
Polynomial Approx1matlon of Neutron Flux in Flrst Collision Probablhty Method

— T. 8. Poveshchenko and Ya. V. Shevelev . ... ... .. . ...
Cost Optimization in Connection with the Accumulation of Isotopes of the Transuranium

Elements — S. A, NemirovskayaandA. P. Rudik ., . .................... O

Measurement of the Cross Sections for Radiative Capture of Neutrons by 23y and *"Au

Relative to the Cross Section for the Elastic Scattering of Neutrons by Protons

— A, N. Davletshin, S. V. Tikhonov, A. O. Tipunkov, and V. A. Tolstikov . .....
Solubility of Nitrogen in Water — Yu. A, Kalaida, Yu. D. Katkov, V. A. Kuznetsov,

A. Yu. Lastovtsev, A. P, Lastochkin, and V. S. Sysoev..........c.coove...
Optimization of Radiation Facilities with Electron Accelerators — V. V, Krayushkin .....

LETTERS
Mass Transfer in Single Crystals of Molybdenum and Silicon Carbide under Irradiation
with Low-Energy Glow-Discharge Ions — A. A. Babad-Zakhryapin, E V. Borlsov,

I. B. Savvatimova, and A. D, Senchukov. . . ... ... . ¢ v eeuivmenn. e e

Diagnostics of State of BOR-60 Reactor by Calculation of Reactivity Balance
— V. A, Afanas'ev, V. M. Gryazev, V. N. Efimov, B, V. Kebadze,

N. V. Krasnoyarov, and V. A, Kachalin . .. .. ... .. .. ... ... ... i e..s.
Secondary Swelling of Graphite — Yu. S. Virgil'ev, I. P. Kalyagina, E. I. Kurolenkin,

and V. G. Makarchenko .........coveeeenennenn. et
"Poleskop" Physical-Field Indicator — G. N, Aleksakov and G. P Terekhov e
Radiation Stability of Phosphorus-Containing Cationites — S, B. Makarova,

A. V. Smirnov, A, S. Telegin, N. V. Bychkov, and B, S. Roginskaya..........
Analysis of the Composition of a Mixture of *’Bk + #3Cf on the Basis of X Rays '

— G, V. Buklanovand Yu, P, Kharitonov., . . v v v v v ¢t 0 v v 0 0 s s on C e e s e ee s
Determination of Equilibrium Parameters of Sodium — Oxygen Hydrogen System

= Yu. V. Privalov . . .. i e e e s e i e et e e e

Nonsteady Temperature in Nuclear-Reactor Channel A. S, Troflmov and A. V. Sobolev .
A p-Radiation Source Based on Polystyrene Containing Tritium — V. M, Gul'ko,
E. I. Knizhnik, V. K. Rudishin, and A. I, Yashchuk. ........:. ... ...
Comparison of the Results of Calculating Fast-Neutron Passage through Hydrogen and
- Carbon Layers — E. B. Brodkin, A. N, Kozhevnikov, V. G. Madeev, V. A, Utkin,
and A. V. Khrustalev. .. ... ..... i iiiiiiiiiiiiiiiiaenan.

71
75

78
83
88

93

97

102
106

111

114

116
119

122
123
127
129

131

133

67
70

73

76

80

87

91
94

98

100

102

103

105

106

108
109

111

112

Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030002-2

a—




Declassified and Approved For Release 2013/02/01 CIA RDP10- 02196R000800030002 2
CONTENTS

» (continued)
" Engl./Russ.

“Analysis of Activation Method for Measuring Fast-Neutron Interaction Cross Sections
— A. N. Davletshin, A, O. Tipunkov, S. V. Tikhonov, and V. A, Tolstikov . ... .. N 136 - 113
" Yield and Angular Distributions of Photoneutrons from Thick Lead Targets’ A '
— A, P. Antipenko, V. G. Batii, V. Ya. Golovnya, V.. 1. Kasilov, N, I, Lapm,- S .
L. A. Makhnenko, and S, F. Shcherbak. . ........... e e - 139 115

A New System of Group Constants for the Calculation of Fast Reacbors - L. N. Abagyan,
N. O. Bazazyants, M. N. Nikolaev, and A. M. Tsibulya . . ...............:. 141 117
Collation of Several Methods of Pulsed y-Ray Dosimetry — Yu. P. Bakulin, '
" V. N. Kapinos, A. P. Korotovskikh, and Yu. A. Medvedev . ....... [ 143 118
* Corrections to Neutron Flux Measurements by Gold Foil Method — G. M. Stukov
and I. A, Yaritsyna . ... ... .vi it iiien e L 145 119

Determmatlon of the Lanthanum, Cerium, Praseodymium, and Neodymium Content of
Solutions by an X-Ray Spectral Method Using the SRF-5 Instrument
— I. M. Krasil'nikov, I. D. Skorova, A. V. Sholomov, P. A. Konstantinov,

and A. P. Matyushin e e e e e e e e e e e e . 146 120
Axial Stability of VVER-1000 Reactor with Control with Minimum Standard Devxatlon _ S
~ — A, M, Afanas'evand B, Z. Torlin., . ... .. et vttt ovteenass Ce e 148 121

Yields of 18'Re, 182™MRe, mRe 183pe, 184MRe, 18Re, and 186Re in the Bombardment of
Tungsten by Protons and Deuterons, and Tantalum by a Particles — P. P. Dmitriev
and G. A. Molin . ... it it i i e it e e it e et e et 150 122

The Russian press dé.te (podpisano k pechati) of this iséue was 1/23/1980.
/ Publication therefore did not occur prior to this date, but must be assumed
to have taken place reasonably soon thereafter.

- Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030002-2



Declassified and Approved For Réleése 2013/02/01 : CIA-RDP10-02196R000800030002-2'

~ARTICLES

DEPENDENCE OF %32y FORMATION IN NUCLEAR FUEL
ON NEUTRON SPECTRUM

T. S. Zaritskaya, S. M. Zaritskii, - UDC 621.039.516.22
A. K. Kruglov, L. V. Matveev, ‘
A. P. Rudik, and E. M. Tsenter

In the combustion of nuclear fuel, #?U is formed, which is extremely undesirable since its presence in
regenerated uranium may lead to marked deterioration in the radiational set-up at all stages of the fuel cycle. |
In fact, #%U itself is a weak v emitter, but its decay chain (Fig. 1) includes 2871, which intensely emits high-
energy vy radiation at an energy of 2.61 MeV,

The time dependence of the expc’;sure dose rate at a distance of 1 m from a point source initially contain-
ing 1 mg of pure ®?U is shown in Fig. 2. The dose rate reaches a maximal value of 12.9 mR/h after 10.3 years
(1 R =2.58-10"! Ci/kg). The exposure dose rate from uranium with 1, 3, and 6% enrichment with 3%U in the
absence of protection doubles if the uranium contains, respectively, 3-107%, 5:107%, and 9-10% mass % %%U.

When, in working with regenerated uranium, release of the uranium into the air is possible, the ®2U
content should be established on the basis of the permitted concentrations of 22U and natural uranium in the
air of mineshafts [1]: 6.1-10"13 and 8,8-107° mg/liter, respectively. The internal irradiation of personnel
doubles if in natural uranium there is 7107 mass % %%U (6.1-107'3/8,8-107%). The additional radiational
danger associated with %%U is due to the release of the gaseous decay product thoron (?**Rn) into the air of
mineshafts. '
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T2Y5S 928 191Y18 904 364 days,y 55,35eC g6 014538, 10,640 55 .
By iy Th —= R Rn = Po —2— Pb —"2Bi
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Fig. 1. Decay chain for %%y,

'

e
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Fig. 2. Time dependence of
exposure dose rate from a
point source containing 1 mg
of pure ®%U initially.
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Translated from Atomnaya ]*fne"'t‘giya, Vol. 48, No. 2, pp. 67-70, February, 1980. Original article
submitted May 28, 1979,
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~Decay Chain Forming ?*%U

The decay chains forming ®% in nuclear—reactor fuel may be divided into two groups.. ' The firsfcdn——
tains chains including the reaction (n, Y) :

285 {J (n, %) 236U (n, 'Y) 27 J (B- )237Np (n, 2n) 236 Np (50%’ ﬁ") .zaépu '(a)v gszU; 1.1)
ﬂmeWhmwwm@VWumw“hmwmh | (1.2)
267 (a) 21 Th (§-) ! Pa (n, y) ™ Pa (§-)*U. L (1.3)

If the fuel is produced from regenerated uranium, it will contam a certain amount of %%y, Irradiation
of 3%y also leads to the formation of *%U ' _ _
WU (n, ) ®U (@) PTNp (v, 2n) | |
3 Np (50%, B0 Pu (a) # U, - | - a8
Fuel that has not been subjected to gas-diffusion enrichment always includes a certain amount of 232Th
23(’Th and ®1Pa. These nuclides at first give the following chain for the formation of 8y,

232 Th '(n, On) Bt Th Gy 1Py (n, v) 22 Pa () 2*U; 7 | (1.5)
232 Th (n, ..{) 233 TH (5-) 233 Py (n,_ zn)zéng (B—)232 U, . ’ ' .(1.6)
230, (n, 7)#' Th (ﬁ') B1Py (n, p)B2Pa (B-)2U; 1.7

231 Pa (n, )22 Pa (p-) 222 U;, , : (1.8)

2 Th (. ) *** Th (p°) ™ Pa (p)*° U (n, 2n) %2 U. )

The products of gas-diffusion plants do not include protactinium and thorium. However, in time, a certain
amount of *Th and ®*'Pa may accumulate in the fuel as a result of the decay of »*U and By,

The second grdup contains processes that do not involve the reaction (n, v)
Y (n, 3n) 2 U; | @1
o ®U (n, 20)®'U (B ) 7 Np (n, 2n) 238 Np (50% B) 2”"‘:Pu (ci) =2 . (2.2)
If the regenerated fuel includes neptumum as an 1mpur1ty, an addltlbhal chain that forms %2U appears
{2.3) 7 Np (n, 2n) 236 Np, (50%, B-) 26 Pu (a)*2 U. (2.3) -

Rate of Formation of 232U

The reactions (n 2n) and (n, 3n) are characterized by fairly high energy thresholds: 6-8 and ~13 MeV,
" respectively. Therefore, it is assumed that the effective rate of the reactions (@, 2n) and (n 3n) — #ceff@, 2n) -
does not depend on the neutron spectrum in the reactor

- (Doeff(n,‘2n)%%a(n, 25).F, Y

where & is the neutron flux density; ofn, 2n), microscopic cross section of the reaction (@, 2n); v, number of
neutrons in one fission act; W, specific power assdcia_bed with thenuclear fuel; E¢, energy liberated in fission;

TABLE 1. Physical Characteristics of Nuclides

Nuclide [Reaction | o.b - Lb C Ty TABLE 2. Probability of Nuclide Formation
Nuclide | Chain v Probability
280Th | (», V) 23,2 1010 8,0-10t yr j )
281Th - . —_ 25,52h ;
:::5: (né—?) 212 1T0 32?,'3%03' ‘ V 1.1) Gaasy (7 v Gzzoy (7 V) _32_
232y a — — 72h SR Oaasy () Oy () 2
2857 b 582,2 275 7.1-108 yr #INp. G (Y
(n, 7) 98,6 144 (1.4) kel L
230(] (n, ) 5,2 365 2,39-107yr . : Gassy ()
237y —_ —_ 6 75day . ' G, 0. (n ') 2
287Np (, V) 169 660 2,44-108yr 7 { @ 330Th (1, ) Ts1pa A% V) 6%
) (n, 2n) - 0,82-10-2 ~239p, ) 9235y (/) Oasy (f) 2
: _ : 14.8) Oys1py (7 ‘Y)‘
‘e1b=10-2em?, B . : - _ B Gy (f)

2
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TABLE 3. Dependence of Cross—Sectlonal
Ratio on Neutron-Spectrum Hardness

. v . LY
Cross-sectional ratio : ’ TABLE 4. Neutron-—Spectrum Hardness in
0,0 [ 0,14 0,2) 0,411,0 0" Power Reactors

Oassy (1 Woagsy (/) 047 (049|020 [023 10.28 [0.52 = bontent Reac- |content

Ouaay {1 V/Onsy () [0.07890.068 0,423 10,218 [0.43211.33 % e v tion ilgaﬁuﬁ; Ly
Gaorn (1 V/0ussy (/)(0.0040/0.204 0.353 |0.617 |1.21 367 S & liearfue type  |mass, o

Oyatpy (7 VVOagsp; ()[0:36 1059 |0.80 [4.47 200 [5.46 o8 A ,
Oz (P V) Oagay (2. 7) 1 1 VVER | 1.6 |0,23—0,33 [RAES | 1,5 0,2
0550 () Oazeg ) 0,0015]0,0127}0,0245{0,0493}0,122(0,700 2.4 | 0,36—0,50 3.0 0.3

vt v : 3,6 {0,56—0,73 5,75 0,44

Gaz0mh (7 V) Oazip, (1. 7) RBMK 1,8 [0,035--0,11G]KS = | 0,714 { 0,10—0,12
Sarg () Ogey () 0014 (0.123.0.283 0.722 1240 (200 . 7 _

R ) * Heayy-water powerreactor with gas cooling, A-1 atomic
*y=oo, {,e.,in Eq. (2) (2)Us (n, V) < ¥IU. ipower station, Czechoslovakia.

€

- F, a geometric factor taking into account the fuel-element disposition and the properties of the moderator
between them.

It is of interest to investigate the dependence of »2U formation on the neutron spectrum for certain given
depths of burnup and given initial compositions of the fuel. The only quantity sensitive to the neutron spectrum
is the cross section of the reaction (1, y). In power reactors of water-cooled — water-moderated (VVER) types,
the rate of the reaction (n, ) is given by the expression

©6*F(n, y) = Vo (n, v) + IV, | @)

where U is the thermal-neutron flux density; y is a factor characterizing the ratio of neutron flux densities in
the resonance and thermal parts of the spectrum (the rigidity of the spectrum) [2].

The dependence of #%J formation on v may be demonstrated for the example of the chains in Eqs. (1.1),
(1.4), (1.7), and (1.8). Analogous estimates may easily be made for other chains. The probability of 3%U
formation by the chains in Eqgs. (1.1) and (1.4) is determined by the probability of ®?'Np formation, and the
probability for Eqs. (1.7) and (1.8) by the probability of 2*?Pa formation. Table 1 shows the physical charac-
teristics of the nuclides appearing in these chains (o is the cross section at an energy E = 0.025 eV; I is the
resonance integral for E = 0.5 eV; Ty, is the half life). '

The probability of nuclide formation by a particular chain (Table 2) at small nuclear-fuel burnup [3] is
taken to mean the ratio between the number of nuclei formed at burnup s to the initial number of nuclei in the -
first element of the chain, where s = oy5,;f)®t. Table 3 gives the cross-sectional ratios appearing in the for-
mation of Table 2, which are determined for different hardnesses of the neutron spectrum 7y (the data of Table
1 are used)., It follows from the data of Table 3 that the corresponding cross-sectional ratio increases practi~
cally linearly with rise in . In [3], rough values of y for power reactors are given (Table 4).

TABLE 5. Probability of Nuclide Formation

Nuc- Burnup
1ide [Chain) ¥ -

0,5 1,0 1,5 2,0

28'Np] (1.1)

0,0 [ 1,48-10-4] 4,77.10-4; 8,70.10-4 1,27-10-3.
0,1 ]1,21-10-3; 3,75-10-3| 6,64-10-3( 9,39.10-3;
0,2 [2,30-10-31 6,92.10-3| 1,49-.10-2 1,63~10‘3|
co {3,63-10-% 6,18.40-2| 5,97.10-2 4,59-10"(

(1.4)] 0,0 {4,15-10-3] 7,72-10-3| 1,08-10-2| 1,34-10-2
0,1 |3,05-10-2 5,47-10-3( 7,36-10-2} 8,83.10-2]
0,2 |5,:0-10-2 9,47-10-2| 0,119 0,138 !
o0 0,264 0,216 0,135 }7

32pa | (1.7)] 0,0 | 1,62-10-3] 6,30.10-3] 1,32.10-2{ 2,22.10-2

0,1 | 1,32.10-2{ 4.65.10-% 9,25.10~2 0,146

‘ 0,2 | 2,93-10-2[ 9.76-10-2 0,184 | 0,276
o | 0,647 | 0,931 | 0,988 | 0,998

(.81 0,0 0,165 | 0,303 | 0418 | 0,514

0.1] 0,256 | 0,446 | 0,588 | 0.693

0,21 0.330 | 0551 | 0.699 | 0,798

oo | 0,935 | 0.996 | 1.00 1,00

73
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TABLE 6. Cross-Sectional ‘Ratios for Fast

Reactors _
Reaqglon 'Large' reactor

- o Wi — reproduction:

Cross-sectionalratio highly ;

enriched | 2¢tVe  region . |
el region 2 b

Oaosyy (2 V0ssy (DAR | 0,19 | 0,31 | 0,37 {0,19
Casiy (=, ’Y)/0235U (/hR ﬁ0'25 0,36 0,45 (0,22 .

Uz‘alpa("v-Y)/Uéasg(f)AR 0,55 0,87 ) 1’0? 0,50 o : ’ . T

. Using the data of Tables 2 and 3, the dependence of »?*U accumulation along the chains in Eqs. (1.1),
(1.4), (1.7), and (1.8) on v may be determined. The dependence.of %%U accumilation along the chains in Egs.
(1.1) and (1.4) is weaker than the dependence of the B'Np yield on v, since the quantity of *%U is determined by
the integral over time of the amount of 2™Np, The dependence of the total ®2U accumulation in the spent fuel
on the neutron spectrum is determined by the relative contribution of chains of the first group to the total
accumulation. The latter depends on the time elapsed from the moment of fuel-element manufacture to the
onset of the operating cycle, on the duration of the operating cycle, and on the storage time of the spent fuel.
At large nuclear-fuel burnup, the probablhty of nuclide formation is calculated by the method outlined in [3]
(Table 5). : :

.

Fast Reactors

Equation (2) for the rate of the reaction @, ) is inapplicable for these reactors (formuilas of this type
are only valid for reactors with a relatively soft neutron spectrum). Table 6 shows cross-sectional ratios
averaged over the spectra of different fast reactors with oxide fuel and sodium coolant; reactors with highly
enriched fuel and small dimensions of the active region [4], and reactors of type BN-350 but of much larger
power and dimensions — ~16800 MW (electrical). The neutron spectra differ significantly in dégree of hard-
ness, so that the data given in Table 6 characterize the limits within which these cross-sectional ratios may
vary in fast oxide reactors with sodium coolant.” The mean radiation-capture cross section is referred to the
mean cross section for ®%U fission in the active region, For the reproduction region of the "arge" reactor,
data are given before (a) and after (b) taking account of the change in neutron-flux level in comparison with the
active region. The multigroup cross sections used in averaging correspond to the BNAB-70 system of con-
stants [5, 6]. Data on the radiational-capture cross section for *°Th have not been published.

Comparing the data of Tables 6 and 3, and taking into account the dependence of y on the type of reactor
(Table 4) and the probability of *%U formation (Table 2), it is found that, neglecting the different effective cross
sections for the reaction fn, 2n) in reactors of different type, the probability of 22U formation in fast reactors
over the given chains is approximately the same as in power reactors of water-cooled — water-moderated type
with an enrichment of 3.6% (it is assumed here that the burnup depth is the same),

-Conclusions

As a result of the calculations, it has béen established that for nuclear reactors of power type the amount
of %%y formed depends significantly on the neutron-spectrum hardness, while for fast reactors operating on
uranium fuel this amount is close to the quantity of %%U obtained in reactors of water-cooled — water-moderated
type with 3,6% enrichment,. The comparison is made for the same °U burnup depth, and the difference in
effective cross sections of the reaction (n, 2n) is disregarded.

To determine the absolute amount of %%U accumulation, it is necesséry to take account of the reaction

@, 2n).
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STRUCTURAL RELIABILITY OF ATOMIC POWER PLANT

A. I, Klemin and E, F, Polyakov : UDC 621.039.5.58

In 1978 the first specialized technical manual "Technique of Calculating the Structural Reliability of an
Atomic Power Plant and Its Systems in the Design Stage was developed."™ The present article contains informa-
tion about the main characteristics and capabilities of the manual.

General Propositions. This manual is intended for calculations, during the design stage, of the indices
of structural reliability of a unit of an atomic power plant, and its parts and separate systems, including the
safety system. Structural reliability is construed as the structural reliability of the system of the atomic
power plant unit, its parts or systems with given reliability indices for the component elements, known func-
tional relations between them, and a strategy adopted for routine maintenance. The manual gives recommen-
dations concerning the calculations of the reliability of such specific systems as the reactor control and safety
system (CSS), the system of instrumentation and automatic control (SIAC), and safety systems.

The manual is intended for atomic power plants with the following principal features:

maintenance of its complete capability to operate despite malfunctlons of a separate piece of equipment
as the result of redundancy;

a capability to function despite malfunctions of several pieces of equipment at power levels below the
nominal value Np;

presence of blocks of elements of one type, constituting a structure of the "m out of n" type;

the use of the atomic power plant at various power levels (this is particularly true of atomic power
plants according to a variable load schedule);

performance of regular routine maintenance during operation;
a capability of operation in a basic fegimen or according to a variable load schedule,

Underlying the manual are analytic methods of the modern theory of reliability with the use of the tech-
nique of minimum cross sections of complex systems [1, 2]. Calculations by the techniques of the manual
permit a quantitative evaluation of the level of structural reliability, to reveal the weak points, to choose
appropriate redundancy of the equipment, to distribute the requirements concerning the reliability of the
atomic power plant over the component elements by means of variation calculation {(in particular, to deter-
mine the reliability requirements pertaining to the component equipment), to make comparative estimations
of the reliability of various variants of structural design of the atomic power plant, etc.

To take account of the internal and external factors which affect the value of the atomic plant's power,
in a reliability analysis it is necessary to introduce the concept of available and required power, Na(t) and
Np(t), respectively. The availablé power is the highest value of the power, determined by the totality of states
of all elements of the equipment, which can be delivered by the atomic power plant at a given moment of time.
The required power is the value of power which is necessary at a given moment of time and is determmed by
the demands of the system external to the atomic power plant.

For an atomic power plant as a complex system with more than two possible states, the manual -intro-
duces the concept of efficient and inefficient states, Nj(t) = N and Na(t) < Ng, respectively, in relation to a
concrete power level. As a concrete set of discrete power levels the manual considers the nominal level Ny,
the minimum level Ny, # 0 below which the power plant is not operated, as well as a number of intermediate

Translated from Atomnaya Energiya, Vol. 48, No, 2, pp. 70-73, February, 1980. Original article sub-
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levels tying in the interval [Np,, Npl, in which the atomic power plant can either operate in the event of the
malfunction of a separate piece of equipment or should operate in accordance with a given load schedule Ny(t).

In the calculation of the reliability of atomic power plants operating in the basic regimen, Ny(t) =Ny, a
distinction is made between total and partial malfunctions in relation to set power levels. In the reliability
calculation for atomic power plants operating according to a variabie load schedule malfunctions are con-
sidered in relation to a set power level NS and malfunctions caused by the required power surpassing the
available power, Ny > Nj. :

To calculate the reliability indices of any engineering system it is necessary to. formulate the conditions
for operational incapacity (or operational capacity). In the manual conditions of operational incapacity of
atomic power plants are formulated separately for each set power level Ng in the form of a matrix of eritical
.states of the atomic power plant. In this connection it is necessary that for each possible state of the plant the
value of the available power be found from the state of its elements and that the unoperational states be distin-
guished, i.e., states for which the available power is below the level considered, and it is further necessary
that critical states, i.e., those which are realized with the minimum number of malfunctioning units and ele-
ments in them, be selected from the set of unoperational states. In the case of a structure that is not - made up
of blocks,* in order to obtain the complete set of critical states it is necessary to construct the appropriate
logical scheme, i.e., the "ree of malfunctions," and on the basis of an analysis of this scheme to distinguish
all the minimal sets of malfunctioning elements, critical groups of elements (CGE) for which malfunctions of
the plant occur. In this case the number of rows in the matrix corresponds to the number of CGE. The num-
ber of elements in each matrix row is equal to the number of elements in the plant, The elements in a CGE
are labeled by 1 and the other elements by 0.

In the case of a plant with a block structure the conditions for operational incapacity are more conve-
niently written by using the concept of the critical group of block states (CGBS). This concept presupposes
such a set of the minimum possible number of blocks of one-type elements (with a minimum number of mal-
functioning elements responsible for the state of the block) which corresponds to the nonoperational state of
the atomic power plant in relation to the set power level. In this case, the number of columns in the matrix
of operational incapacity is equal to the number of blocks while the number of rows is equal to the set of
CGBS. In each matrix row the nonzero elements denote the number of malfunctioning elements in the blocks
in the concrete CGBS.

In turn, to isolate a CGBS from a CGE it is necessary to know the relation between the available power
and the state of the elements, this relation being given by the so-called state functions. The state function
£y (xJ) of a block is the contribution of the j-th block (in fractions of the nominal power of the atomic power
plant) as a function of the number of malfunctioning elements in it while the remainder of the blocks are in
good working order. The most general form in which the state functions are given is tabular. For convenience
in analysis, in accordance with the functional purpose and the structure of the atomic power plant, the blocks
of one-type elements, constituting a structure of the "m out of n" type, are combined into complexes (steam-
generation loop, steam-piping complex, ete.). ' :

The state functions of each complex are expressed in terms of the state functions of the blocks compris-
ing that complex. This relation cannot in general be written in analytic form and is given with allowance for
the recommendations in the manual, e, g., for complexes consisting of series-~connected blocks,

o i (I
(ph(f(ih)’-"v ,j ,...,f(;))-=mln{f(1 LIRS | g)""'fg }’

while for parallel-connected blocks, - ;
, %)) = (")
o (0 o £ 2 f

Once state functions have been assigned for the blocks and complexes for the atomic power plailt the
state function of the power plant is assigned, representing the dependence of the allowable power (as a fraction
~of the nommal) on the state of the complexes, :

NP (‘plv ‘p21 ey \pM)'

The following data are necessary for calculating the reliability indices of an atomic power plant:

*If the plant does not contain blocks of single-type elements forming a system of the "m out of n" type.
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a) complete sets of CGE or CGBS are given according to the conditions of operational incapacity;

b) data on the reliability of elements can be presented in two ways: by giving the distribution (density)
laws of the time f(t) of malfunction-free operation and the settling time g(t) of the element or by giving the
operational readiness ky(t) and the parameter w(t) of the flux of malfunctions of the element. The second way
is preferable if as an element we consider some subsystem with a complex structure, e.g., CSS, SIAC, whose
malfunctions could result in a change in the available power. Recommendations concerning the calculation of
the indices for these systems are given in special sections of the manual;

c) the initial data concerning planned maintenance of the atomic power plant and its equipment are given
as the interval of time between running repairs and major overhauls of the atomic power plant and its equip-
ment, the average time lost for running and major repairs of an element, and data about the make-up of the
repair teams;-

d) the manual considers two possible ways of giving the regimeﬁ for the required power: probabilistic

‘and deterministic. The first is characterized by an average time for maintaining the power at a given level

and a matrix of transitions from level to level. In the second method a change in the requlred power is given
by a determinate diagram in power — time coordinates.

Nome'nclature of Calculated Reliability Indices. The manual makes it possible to calculate a wide range
of reliability indices, reflecting individually or collectively the properties of an atomic power plant being free
of malfunctions or suitable for repairs. For atomic power plants operating in the basic regimen there are two
groups of reliability indices: indices concerning an individual set power level and "integral" indices charac-
terizing the reliability of the power plant with respect to all power levels. The first group comprises the
operational readiness ky(Ng, t) and the average operational readiness ky(Ng), the parameter w(Ng, t) of the
malfunction flux and the average parameter w(Ng) in the interval under consideration, the probability R(Ng, t)
of malfunction-free operation with respect to the given level, the mean operating time T(Ng) between malfunctions

" for the given level.- The second group comprises the following indices: the mean available power I_\-Ia(t) and

the mean available energy production E(t) in some period of time, the mean total duration of repairs in some
period [0, t] of operation, the coefficient R; . of technical utilization of the atomic power plant (ratio of mean
operating time of atomic power plant on power to sum of that time and the mean duration of planned and un-
planned repairs during that time), the coefficient of utilization of the installed capacity, etc.

For atomic power plants operating according to a variable load schedule other indices taken into con-
sideration are those which characterize the reliability with allowance for the given regimen of power variation,
i.e., taking account of malfunctions due to the available power dropping below the required level or by the re-
quired level rising above the available power. As a matter of convention we shall refer to malfunctions of this
kind as regimen malfunctions., In the manual calculations are also made of reliability indices with respect to
regimen malfunctions: the operational readiness and the mean operational readiness, the parameter wy of
malfunction flux and the mean parameter of malfunction flux, the probability of malfunction-free operation, the
power deficit, the mean energy production by the atomic power plant in a time t, the coefficient of delivery of
the required energy production, ete.

In a separate chapter the manual expounds a technique for calculating the indices of an atomic power
plant operating in the basic regimen by describing its functioning by a Markovian process. This is valid for
those cases in which the elements are not restored during the given interval {(the laws of the distribution of the
time to malfunction of elements can be arbitrary) and if the distribution laws for the time to malfunction and
the times in the mterval under constderation are exponential.

In all other cases it is expedient'to use the Markovian model for preliminary calculations of the relia-
bility of an atomic power plant or its separate systems when the number of operational and nonoperational
states, associated with restorable or nonrestorable elements, is no more than 50 in each case, respectively
(in this case the computation time on a BESM-6 computer does not exceed 30 min, as a rule).

Calculation of the reliability indices by using the theory of Markovian processes is performed in the fol-
lowing sequence: the diagram of the states of the atomic power plant (or the individual system considered) is
constructed, the systems of differential equations for the probabilities of the realization of all states found
from the diagram are written and solved, and the reliability indices are calculated. i

In the final three chapters the manual gives the reliability techmiques for individual systems of an atomic
power plant. In particular, Chapter 7 presents the technique for calculating the reliability index for the per-
formance of the following functions by the CSS: maintenance of the reactor power at a given level, switching

77

Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030002-2



Declassmed and Approved For Release 2013/02/01 CIA RDP1O 02196R000800030002 2

‘of the reactor from one level to another, and emergency protection.

Chapter 8 gives the technique for estlmatmg the reliability indices of the SIAC with allowance for the
functions of monitoring and recording of the principal technological parameters, signaling their deviation
beyond the allowable limits, and protection and control of the principal technologwal parameters of the pro-

- Ccess,

Chapter 9 presents the methodological problems of calculation of the indices of safety systems with
account for the time taken to perform the given functions for various conditions and the rule for carrying out
maintenance during power operation of the reactor. '

‘In the addenda the manual presents brief data concerning the reliability of the equipment of an atomic
power plant, the technique for estimating the reliability of piping, explanations pertaining to the construction
of the "tree of malfunctions," and some other reference material. :

To facilitate calculations according to the technique outlined in the manual, special programs have been
written for the BESM-6 computer. The complete sets of CGE and CGBS for several typical structural schemes
of atomic power plants are determined according to the FORONS program. The RAST-1 program realizes the
technique of the manual for specifying the conditions of operational incapacity in terms of the CGE.

LITERATURE CITED
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ESTIMATING THE CARRYING CAPACITY OF ZIRCONIUM
FUEL ELEMENT SHELLS

V. ‘I. Solyanyi and V, S. Yamnikov ' UDC 621.039.54:539.4

In power reactors with water cooling, as a rule, fuel-element rods with shells made from zirconium-
based alloys are used. For the design of these fuel elements, analysis of operational reliability, especially
in transient conditions, and the investigation of this reliability in possibie emergency situations, it is neces-
sary to know the limiting strength characteristics of the shells in complex stress states over a broad tempera-
ture range.

The anisotropy of shells made from zirconium-based alloys is due, on the one hand, to the deformational
anisotropy produced in the process of manufacture and, on the other, to the initial anisotropy of the a-zir-
conium single crystal. The usual experimental determination of the limiting stresses and strains of aniso-
tropic shells in a complex stress state, by testing to failure under internal pressure and axial load, requires

complex apparatus and is very demanding. However, the required characteristics may be obtained by a theo-
retical consideration of the carrying capacity of a cylmdncal anisotropic fuel-element shell on the basis of the
concept of plast1c -deformation stability loss

Since experimental verification has not conf1rmed [1] the possibility of using the Swift criterion modified
for the case of anisotropic materials, it was decided to adopt the statics criterion [2], according to which
plastic-deformation stability loss begins when a maximum of any external load is reached, and is charac—
terized by mfm1tes1mally small increments of this load being equal to zero. '

Formulation of the Problem and Its Solution

Consider the short-term deformation of a very plastic shell under a simple load, assuming that Hill's
theory of plastic anisotropy is valid [3], i.e., that the shell material has plastic orthogonal anisotropy (ortho-
tropy) and isotropic strengthening. Note that, in tubes used for fuel-element manufacture, the texture is such
that the normal to the basis plane lies in the cross-sectional plane, The anisotropy of such shells may be

Translated from Atomnaya Energlya, Vol. 48, No, 2, pp. 73-76, February, 1980, Original article sub-
mltted May 18, 1977.
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characterized by the factors Ry and R,, defined as the ratio of the transverse strains under uniaxial extension
of standard samples along the § and z axes, respectively, i.e., as

CRy=efen Roeeelr : ' ' )

The:basic relations of plasticity theory for an orthotropic metal with a plane stress state, when the
‘principal axes of the stress tensor and the strain- increment tensor coincide, are written in the following form:

a) the relation between the stress and strain

£y == ;—_ [([II. +G)— Hm) og; (2a)
iLuH+ﬁwm+me (20)
£y == — {2c)
where m = 0,/0g = const (0 = m <»); H, G, and F, anisotropy parameters; A = (2/3)(H +G +-F) | o and &,

stress and strain intensities, which are uniquely interrelated, regardless of the stress — strain state, by the
expression ¢ = f(2);

b) the incompressibility condition

t : e t¢, —Hf—O - S - ®
From the defmltlon of the factors R and Eq. (2), it follows that v
"Ry=111G; R,=-HIJF. o ‘ @)

The expression for the stress intenéity takes the form

Ef‘/[(l+_}%§)_2mi(ij%‘-)sz » - _—
| | s(t+w+m) |

From Eqs. (2a) and (5), an expréésion for the strain intensity is obtained

i= “+ %”“+_)2m+“*%hﬂié?3' (6)

On the basis of Eq. (2), the fbllowing notatioﬁ is adopted

4
mzt;i;:izi_

0 1+——rn

("

The relation between‘the loads on an element of cylindrical shell and the stresses acting is described by .
the expressions

Q=unDio,; P=2tcy/D, o )
where Q is the axial force; P, internal pressure; D and t, passing values of the diameter and shell thiéhxess;
respectively. : : )

' Accordmg to the statics criterion, plastxc—deformatlon stability loss occurs

when 80 = ' - (9
or . ‘

when 6P.= 0. ] ' : - (10

From Egs. (9) and (10) and Eqgs. (3), (7), and (8), assuming that the strain increments along the axes 0, z, and
r are 6eg = 6D/D, dey = 6L/L, dep = ot/t, it is found that

either 80,/8¢, = 0,, (11D
or 80¢/8eg = \(2=—|— me) Gy. i : (12)
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Then, taking Egs. (5) and (6) into account, it is found that
S B
_(1 4 ) et

cither i:_'::l' | r | %(1_%7?;_*_71%) e r . | . | | | y
l {(l—%%ﬁ)—zm‘% (1-*_—1;—;) ’ilz_]».
, N 1"(‘%-—‘:{, 1
(2+m,) 0. ”

) 2 1 1
Oop ' T(“1f+3—0)- -

1—}—71 )—91114—(14—'-1—:—) :n‘ZJk

From thesé relations, knowing the dependence & = f(g) and the amsotropy factors determmed by uniaxial

tests, the limiting valués of the stress and strain leadmg to plastic-deformation stability loss may be obtained.

Here the dependence o = (&) w1ll be taken ifi the form of the miost wxdespread approx1mat10n for the glven
alloys; as'a power function ,

o=K (&)", - ' '('15)
where K is a proportionality factor, and-' n is the strength factor. v :

According to Egs. (13) and (14); the followmg expressions are obtamed for breakdown along 2

,“ ::1[(1.;__1_)_2,"_( (1 l‘ R ) J(u 1),? .

; - (16)

o K[ (14 ) [T [+ 0) =
o ni - | v R
for breakdown along 6 | ity
0= KN B (1+ ,—:— ) | v [ (1+ [ (2 :;;i( )J,.(;I)ne)] I ~ 18
;
). - | 19

The form of breakdown is determmed by Wthh of the two strams (sz of 59) first reaches its 11m1tmg
valiue in accordance with Eqs. (17) and (19) -

Then, in the case , _ :
om< 1 +1/R S (20)
breakdown occurs due to plastic-deformation stability loss in the azimuthal direction, while in the case .
| 141/ Ry <M < 00 i S (21
the stablhty loss is in the axial dlrectlon . 7

Introducmg the llmltmg stress for umax1al extensmn along z

lunl v An,“ [-3 ( R 1_} f‘,() )“J()’Hr_l)/d , ' ) ) S . - (22) '
lim o (1+T) nt D/ - .

Eqs. (16) and (18) give | ,
vt‘ . ) | . a,lim (1 { )(ll+1)'/2 IN[(1+%'0:)-—'2?"-F(1+71:—;)/nzl(“_l)/zq

’ i . 1 (n~l))2 ‘ A
i 1 () e .
Z L (T vy 23
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Fig. 1. Calculated curves of limiting stress with
radial texture for Ry = R, =2 (continuous curve)
and azimuthal texture for Rg'=1, Ry = 0.5 (dashed

- curve); the dash — dot curve corresponds to the iso-
tropic case.

Results of Calculation and Discussion

Using Eqgs. (17), (19), (23), and (24) obtained here, it is possible to construct, in dimensionless coordi-
nates, the limiting curves characterizing the plastic-deformation stability loss of anisotropic shells, The
index n may be taken to vary from 0 to 1, withn = 1 for an ideally elastic material andn = 0 for a rigid -
plastic material. ' '

The factors Rg and R, must be regarded as functions of the thermal and mechanical treatment in the
course of manufacture [4, 5]. For shells with radial texture, Rg and Ry vary in the range 2-5, while with
azimuthal texture they are R, = 0.3-0.7 and Rg = 1-1.7. For isotropic shells, Rg = Ry = 1. Curves calculated
for the limiting stress for these textures are shown in Fig. 1. ‘

Comparison with the isotropic case shows that ignoring the aniéotrc;py may lead to considerable (up to
50%) discrepancy in the estimates of the carrying capacity. The. shift in the limiting-stress curves for real
isotropic shells (0 < n < 0.3) [6] is also observed for the anisotropic case: for m > 1 + 1/R the shift is directed

WE

m—— 05 10 NG
\\ \\\\

Fig. 2. Dependence of calculated curves for limit-

ing uniform strains on load parameter m whéen

Rg =Rz =2 (1); Ryg=Rz=1 (2) (isotropic case); .
Rg =1, Ry = 0.5 (3).
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Fig. 3. Compar1son of the results of calculatlonal
and experimental determinations of the limiting
stress: C)Rg = 5.78, Rz = 3.13, n=0 511 Q)Rg =

- 3.7, Ry = 3.0, n—115[7]
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Fig. 4 Comparlson of the results of calculatmnal

and experlmental determinations, for Rg = 5.78,

Ry = 3.13, and n'= 0.15 {1], of the limiting uniform
_strain in the directions § and Z (a) and the 1ntens1ty
-~ of the limiting umform strain «(b). ' !
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out of, and form <1 + 1/Ry into, the region bounded by the curve for a rigid - plastic material.

Values of the limiting uniform stresses for analogous textures are shown in Fig. 2. Note that for m
less than, but close to, 1 +1/Ry, breakdown occurs as a result of plastic-deformation stability loss in the
azimuthal direction, although the azimuthal limiting uniform strain is close to zero. In other words, for such
a stress ratio, localization of the strain and subsequent breakdown occurs with zero wniform strain in the azi-
muthal direction. This is evidently associated with the effect of the shell's geometric shape, since for plates
nothing similar is observed [2]. ‘

Comparing the results of experimental determination [1, 7] of the limiting stresses and wniform strains
of fuel-element shells of BWR type (diameter 12 x 0.8 mm) made from zircalloy-2 with the calculated values
(Figs. 3 and 4), good qualitative and quantitative agreement is obtained, which confirms the applicability of
the statics criterion of plastic-deformation stability loss for shells of zirconium alloy. Thus, in the design of
rod fuel elements with shells made from zirconium-based alloys and the analysis of their operational relia-
bility, it is necessary to take account of the geometric factor and anisotropy of the plastic deformation, which
significantly affect the limiting stress and wniform strain of plastic shells under short-term loads.
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CRYSTAL STRUCTURE OF 4% PHASE IN U — Mo,
U—~ Re, AND U — Nb ALLOYS '

N. T. Chebotarev and O. N. Utkina . o .~ UDC 548.7:669.822

The structure and properties of the initial elements in the actinide group are the result of the formation
of hybrid 5f - 6d ~ 7s states and the emergency of interatomic bonds of a covalent — metallic nature, which in
low-temperature modifications of uranium, neptunium, and plutonium is manifested in the form of four short
bonds [1, 2], In the transition from these low-temperature modifications to high~temperature ones there is a
reduction of the overlapping of energy levels, a diminution of the covalent character of the bonds, and the
gradual approach of the structure of the low-temperature modifications to that of a bee lattice. The covalent
component of the bond decreases not only as the temperature rises but also with alloying. When uranium is
alloyed with molybdenum, e.g., a number of metastable phases (@', a", v?) are formed and in these phases
the covalent component of the bond decreases as the content of the alloying element grows. If it is assumed
that the covalent component of the bond is partially conserved in the -ys phase, then the cubic structure of the
latter should be of a more complex character than the ideal bee lattice.

Below we give the results of studies on the structure of the ys phase in U— Mo, U~ Re, and U—Nb
alloys, some of which had been published earlier [3].

Experimental Data. We studied single crystals of alloys of uranium with 12.4, 14,5, 15.4, 18.9, and
23.6 at. % Mo, 10.5at. % Re, and 22,2 at. % Nb. The content of alloying elements in the alloys was determined
from the melting charge and in the case of U— Mo was furthermore refined according to the dependence of the
lattice constant on the concentration {4]., The cast specimens were rolled to a thickness of 1-1.5 mm at 850°C
and then rolled without heating to a thickness of 0.2-0.4 mm. After the rolling the specimens were quenched

Translated from Atomnaya Energiya, Vol. 48, No. 2, pp. 76-80, February, 1980, Original article sub-
mitted April 10, 1979.
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Fig. 1. Rotating-crystal x-ray pattern about
{001] direction for single crystal of uranium

alloy with 12,4 at. % Mo. Thenumbers indi- Fig. 2. Oscillating-crystal x-ray pattern of
cate the most intensive superlattice reflec- single crystal of alloy of uranium with 12.4
tions. at. % Mo.

from the region of the y phase and then the alloys with Mo were annealed for 50-300 h at 1100-1130°C, the alloy
of uranium with 10.5% Re was annealed for 300 h at 1030°C, and the alloy with 22,2% Nb, for the same time but
at 1200°C. Grains selected with the aid of an MBS-1 microscope were separated out electrolytically.

The single crystals obtained were oriented so that the [001] direction would be perpendicular to the x-rays
and were then studied by the oscillating- and rotating-crystal methods in an RKV-86 camera in CuKa radiation,
The intensity of the reflections in the oscillating- and rotating-crystal x-ray patterns was estimated by photo-

metric measurements in an MF-4 microphotometer and from the blackening marks. Analysis of rotating-crys- -

tal patterns about the [001] direction for singles of the ¢® phase of the alloys of uranium with 12.4 at. % Mo,
10.5at. % Re, and 22.2 at. % Nb showed that between the principal layer lines (for a bce unit cell of two atoms)
are secondary lines formed by low-intensity refiections (Fig. 1).

Sharper superlattice reflections from single crystals of the yS phase of alloys of uranium with 12.4%
Mo, 10.5% Re, and 22.2% Nb were obtained on oscillating-crystal x-ray patterns (Fig. 2), Increasing the Mo
content in the yS phase of alloys of the U~ Mo system results in a decrease in the intensity and, finally, in the
total disappearance of the superlattice reflections for alloys with 23.6 at, % Mo, '

Results of the induction of superlattice reflections for an alloy with 12,4 at, % Mo are given in Table 1,
The superlattice reflections correspond to a bee unit cell of 16 atoms which is doubled along all axes and which
has a constant of 3.442-2 = 6,884 A.* Having studied the yS phase of uranium alloy with 16.6 at. % Nb and
5.64 at. % Zr, Yakel [5] came to the conclusion that the doubling of the lattice constant is due to displacement
of atoms occupying the centers of the small unit cells; in the [100] direction by a value § =~ 0.03 ays. The

*1 X =0.1nm.
TABLE 1. Superlattice Reflections in Rotat-
ing- and Oscillating-Crystal X-ray Patterns
of Single Crystal of U—12.4% Mo Alloy
Zerolayer | First layer Second layer |Third layer
line, hkO | line, hkl line, hk2 line, hk3
420 211 142 213
600 321 312 323
550 411 402 413
640 431 332 433
730 520 - 512 523
820 611 442 613
750 541. 532 543
631 622 633
721 ) 712, 552
651 732
811, 74l 802
831 662
752
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TABLE 2. Observed and Calcuia_ted Data Con-
cerning Superlattice Reflections of yS Phase
of U—-12.4% Mo Alloy

32 o R o
= | = = 2
(4]
3] & - N
0 v Q 13
- ] o | TN
< o] « of o = af | eaf
R -1 ) 4 16 D P - . T
s W WW o |
2 2 | ~— = 2 —
1 110 |0,0008 — 1 222 | 0,02 _—
2 200 10,003 — 2 312 { 0,7 0,5
-3 310 |0,005 — 3 402 | 0,05 *
4 | 330 {0,04 — 4 | 33206 *
5 | 420 0,05 * 5 {512 0,5 *
6 | 510 (0,01 — 6 | 442 | 0,2 *
7 | 530 [0,08 - 7 | 532 0,5 .
8 | 600 {0,12 * 8 | 622 |0,2 *
9 740 10,01 — 9 712 | 0,3 *
10 550 10,18 * 10 552 | 0,5 *
11 640 10,19 * 1 732 10,4 *
12 730 10,11 * '
13 820 10,28 *
1 | 301 [6,005 — 1 | 103 | 0,005 —
2 | 231 10,67 0,59 2 |23 (0,7 (0,4
3 M1 12,4 2,1 3 303 | 0,04 —
4 501 |0,01 94 4 323 | 0,6 0,5
5 431 [2,0 } ' 5 413 | 2,0 1,9
"6 |.521 {0,5 * 6 | 433 | 1.8 | 1,6
7 611 |3,7 4,6 7.1 503 | 0,08 —
8 | 541 [1,5 2,7 8 | 523 |0,5 *
9 | 631 |3,2 2,9 9 | 613 | 3,2 3,0
10 [ 701 [0,01 — 10 | 543 | 1,4 1,6
11 | 721 0,3 * 11 1 633 [ 29 | 2.2
12 651 |2,6 4,8
13 | 811 |4,8 } 55
14 | 741 1.1 i
15 831 (4,3 3,4

¥Weak reflections, appearing only on oscillating-crystal
X-ray patterns.

Mer
A x
0 1 X
45 824
n;o,suo<
) 2

jp0l- o {02

0751 o _ .

C/ A / \-) 33 , L L 0,240
Fig. 3. Projection of wnit cell of yS 0 0 , z :
phase of uranium alloy with 12,4 at. % Fig. 4. Lattice constant of yS phase (1) and
Mo on {001) plane. ideal bce ¥ phase (2) vs molybdenum content.
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“structure- falls in the space group T& (6] with the fplloWing atomic_ positions in the unit céll: ,

222’
6 at —G(b):O-%-%,%O-;—etc.
8 at. — 24 (d) 1 222 ete.

where x = 0.250+ 0,001; z = 0,250 — & = 0.220 £ 0. 005,

'However, Yakel's assumptions concerning the atqms occupying only one-third of the 24'(d)'positions and

“being displaced in the direction of the cube edges is not in accord with the cubic symmetry of the structure.

In a cubic lattice eight atoms can experience displacement only in [111] directions. Analysis of the intensity
of the superlattice reflections on the rotating- and oscillating-crystal x-ray patterns of a single crystals of the
'y phase of the U-12 4% Mo alloy showed that the atoms are arrayed statistically in the followmg positions of

. space group Td

2(a) -”000
11 11 / 111
6(b): 0 3 2' 303,370 +(000"77?)'
8 (c) : zzz, 2%, 72T, TTL - '
The atomic parameter x can be found from the equality of the ratios of the squared structure factors of
two reflections, superlattice and lattice, e.g., (F§31/F§42)exp = (F&/Fip)eale- Proceeding from the value

‘obtained for the atomic parameter x = 0,241 + 0,001, we found the square of the structure factors for the
. superlattice reflections., In the calculation we took the following factors into account: Lorentz factor, polari-

zation factor, repetition period, and temperature factor; the absorption factor was not included (Table 2).

It is seen from Table 2 that the experimental values of the intensity of the superlattice reflections are in
good agreement with the calculated values. The rotating-crystal x-ray patterns show only the strongest of the
superlattice reflections, less strong reflections are seen in the oscillating-crystal patterns, while the very
weak, theoretically possible reflections, such as 200, 310, 330, 510 etc,, cannot be observed even in the
oscillating-crystal patterns.

Figure 3 shows the projection of the wunit cell of the vS phase of the U—12.,4% Mo alloy on the (001) plane.

‘The complete analogy between the rotating- and oscillating-crystal x-ray diffraction patterns of single crystals

of the v® phase of U~10.5% Re, U-22,2% Nb, and U—12,4% Mo alloys permits the conclusion that the crystal
structures of the v S phase of these alloys are also analogous. The atomic parameter x of the structure of the

5 phase of the U—10.5% Re and U- 22.2% Nb alloys is 0.241 + 0,001, It should be pointed out that the Mo, Re,
and Nb contents indicated are the minimum contents ensuring fixation of the S phase.

The atomic parameter x was also found for the yS phase of alloyé of uranium with 14.5, 15.4, and 18.9%
Mo (Fig. 4); the dependence of x on the molybdenum content can be represented by the equation x = 0.2344 +
0.00055 C. It follows from this equation that with a Mo content of about 29% an ideal bec lattice is formed with
x = 0,250, ' .

‘Proceeding from the values found for the atomic parameter x, we calculated the interatomic distances in
the structure of the yS phase of uranium alloys with various molybdenum contents (Table 3).

TABLE 3. Interatomic Distances and Atomic
- Coordination in Structure of 'yS Phase of

U -Mo Alloys

Interatomic distance,& g
‘E. Mey Meyy - Meppy _UE
[ ]

= = = = = =} = -

é MEREREEEERERERERERES
12,412,8713,09|2,9513,02{2,8712,95]3,023,09] 0,22
14,512,89|3,06|2,95/3,01|2,89(2,95|3,04 3,061 0,17
15,4(2,89|3,06}2,95}3,00(|2,89(2,95|3,00}3,06] 0,17
18,912,90(3,03]|2,94(2,9912,90(2,94{2,993,031 0,13
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ALANAIRIEI X AUV LVUHBUWLD UL LG PUUL L DULUD,
dmins of the Structure of a-Uranium and the
Metastable States of the U—~Mo System

1;20 co_ntent, Phase .' structuré . dmins A
o | | mewe | 330g
3 o’ . 2 dy=2,77

2 d,—2.87
9,4 o’ | Monoclinic * | 2d,—=2,78 -
| 2 d,—2.88
10,5 v .| Tetragonal | 4 4,=2,86
12,4 4 d,=2,87
i 4 dy—=2.95
18,9 v Cubie | 4 425'g0
‘ 4 dy=2.9%

Discussion, As is clear in the cubic structure of the S phase of a uranium alloy with Mo, Re, and Nb,
four covalent bonds, characteristic of the structure of the metastable stages a', a", and y° of the system U~
Mo, are particularly maintained. The lengths of the short bonds dy,jp of the structures are presented in
Table 4,

Short bonds of two types exist in the yS phase of the alloy of uranium with 12.4 at. % Mo: 4d, = 2.87 A
and 4d, = 2,95 A. Asthe molybdenum content in the yS phase increases, the length of the short bonds grows
just as is the case in the o, @', a", and y? phases and the structure approaches the ideal bcc lattice (dypq5 —
dmin = 0), for which x = 0.250.

The deviation of the structure of the v® phase from the ideal is accompanied by a reduction of the degree
of compactness of the lattice, i.e., an increase in the lattice constant as in comparison with that of the ideal
bee lattice, Ay in accordance with ,

ays=(1 +90)ay, v _ _ §))
where 6 = 0.250 — x. ’ '

The dependence of the lattice constant of the vS phase of the U - Mo system is expressed [4] by _
ays=3.4808 —0.00314 Cno : (2)

and is shown in Fig, 4 (straight line 1),

The values of the lattice constant of the ideal bcc lattice of the phase of the compositions studied can be
found from Eq. (1) by using the values obtained for the atomic parameter x. The pertinent equation is of the
form '

ay=3.4283—0.00132C 5 o

and is also shown in Fig. 4 (straight line 2), It is seen from Fig. 4 that a,s = a, = 0 when the Mo content is
about 2%%. ' '

In conclusion, it should be noted that the deviation of the structure of the vS phase from the ideal becc
lattice and the dependence of the degree of that deviation on the concentration of the alloying element and the
temperature should affect the physical properties of the alloys studied. In particular, a reduction in the frac-
tion of the covalent component of the interatomic bonds and an increase in the degree of compactness of the
structure of the vS phase with a rise in temperature should result in the appearance of a negative component
of the coefficient of thermal expansion and the temperature coefficient of electrical resistance,
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POLYNOM{AL APPROXIMATION OF NEUTRON FLUX IN
FIRST- COLLISION PROBABILITY METH{JD

T. S. Poveshchenko and Ya. V. Shevelev . UDC 621.039.512.45

"First-Collision Probability Method

) This is a very popular method of ‘solving the kinetic equatlon written in the form of the Pelerls mtegral
equation f(e.g., [1])

@ (r)= S dr'P(r<r)o,(r) D(r') +4 S dr' Q' (r<r)n(r') P (r<r)I*(r). , '8}

v F . »
Here S . dr’ is the intégral over the volume of the studied region; S dr’, integral over its surface; n, internal
v : : F ' ‘ .

normal; &, neutron flux; I*, neutron current through the surface into the region; oy, macrobkcopic scattering
cross section; Q', ray unit vector from r'br; P, kernel of the first collision; and_

Q' (r<—r’)=(r—'—r;)/|r——r’l; ' 2)

Pr<r)=(@n[r—r'|2)texp|{—1(r< r)]; ) ' (3)
) 1

ter)={olr +s@—r) Ir—r|ds, @)

0

where o is the total macroscopic cross section; T is the optical path length,

Equation (1) is written for the simplest model: neutrons enter the studied region only through the surface,
and are scattered isotropically and absorbed; the cross section is independent of the energy. A more general
Peierls equation may be written for the case when the scattering index has a finite number of nonzero angular
moments. A system of several integral equations for several angular moments of the neutron distribution
function [2] will now be obtained. The number of kernels in these equations is found by multiplying P by poly-
nomials of the components of '. It is also simple to perform the generalization for multivelocity problems,
and to introduce internal neutron sources. However, to illustrate the proposed improvement of the method,

the simplest relation — Eq. (1} — is completely adequate.

The first-collision probability method is as follows. The region V is divided into small zones, in each
of which the cross section is independent of the coordmate and the flux & is relatively unchanging and may be
replaced by a mean value. :

Let gi(r) be a characteristic function of the region t, equal to unity inside the region and zero outs1de,
& be the mean flux in zone t. Then the basic hypothesis of the method is expressed by the formula

, O ()= & 2 Ouger (1) )
Substituting Eq. (5) into Eq. (1) gives, after multiplying by g and integrating, a system of equations for &
Oy = X OpPy v +-qi, ' (6)
5

Translated from Atomnaya ﬁnergiya, Vol. 48, No. 2, pp. 80-84, February, 1980. Original article sub-
mitted January 8, 1979.
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where _
Pt«t"——Usg"S dr’ 5 dr P (r<1r")/V; . A7)
’ Ve vy . .
gy = 4 S dr’ 5‘ dl‘P (l‘<—r') Q' (i‘ - r') n (l") I+ (l")/ S dr. . (8)
Foov ' v, ‘

Here Vi is the volume of zone t.

‘Improvement in the First-Collision , Probability Method

If the accuracy of the method is to be increased, the number of zones t must be increased. Then the
‘accuracy of Eq. (5) is increased, and so is the accuracy with which the mean values &; are calculated. How-
ever, this is not the only means of improving the method. The accuracy of Eq. (5) may be increased by re-
placing the constant $¢ by a polynomial in the coordinate r with undetermined multipliers, for which a system
of equations analogous to Eq. (6) for &t is written. '

Generally speaking, instead of the polynomial it is possible to take a linear combination of any functions
allowing a good approximation of ¢ (r) to be obtained. But polynomials have an important advantage: in calcu-
lating integrals of the type in Egs. (7) and (8), the numerical integration forms only a minimal part of the total
computational work.

Let .
D(r)= Zj ‘,;S:‘ Pt fnee (T) ger (), ' N o (9)

where l,z 't' is a set of approximating functions in the region t' (in particular, this may be'the polynomials).
Let ¥pt 1) be a set of functions for the region t, mutually orthogonal with fn 11, while

S‘Pntfn't'gtgt'dl‘ =bp V. ‘ : (10)
Substituting Eq. (9) into Eq. (1), multiplying by Iytgt, and integrating, a system of equations for ¢y is obtained
Pt = ?" 200t Poonr, terr+ qus, . (11)-

75 ,
where .
Py, teir =0 5 dr’ SdrP (r<r) w‘.;}fwr(r')/V.: . (12)
, vy 7,
(13)

gy =4[ ar Sdi'P (r<T) @ @Eer)n() ] (') Yo, ()Y,
Fo7 :

Calculation of Generalized Probabilities for

Polynomial Approximation

A quantity proportional to Py .1 is called the first-collision probability of a neutron in zone t if it has
previously experienced a collision in zone t'., The quantities Py «q',t —t may be called generalized first-
collision probabilities. It will be shown how they may be calculated if f"vtv and ¥yt are polynomials of the
Cartesian coordinates (x, y) in the reactor-channel cross section, i.e., in the cylindrical region with genera-
trices parallel to the z axis, ‘

A great amount of work is required to calculate T in a channel of complex geometry, since it is necessary
to find all the points at which the beam from r' into r intersects the boundary of regions with different proper-
ties. Therefore, as in the WIMS program [3], new variables of integration are introduced, so that calculation
of the boundary points is not repeated. This means that the pairs of points (r, r') must be distributed over the
straight lines on which they lie,

Let ¢ be the angle to the x axis formed by the projection of the beam from r' into r onto the (x, y) plane;
Xps Yo 2 be coordinates of the point r in a system turned around the z axis by an angle @5 Xgp, y('/‘,, z' be the
same for the point r'; it is obvious that

Yo=1Yo T >y . (14)
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The parameters ¢, Yos Xgs xzp, z, z' uniquely define the pair of points r, r' and may serve as the new
variables in place of x,y, z, x',y', 2".

It is expedignt to introduce the notation
A=(z—12)(@o—20). {15)
Then in the new variables | ‘
P ={4n (zy— 22 (1 + 21 exp [—VIF R G (20 2o Vo 9], © S (16)

where T, is the optical ray for the projection of the ray on the (x, y) plane. H the-outer channei boundary is a
-circular cylinder of radius p, then '

o VP4 "
n,(_r )Q p V1+7~“ . {17)
Calculating the transformation Jacobian for the new variables, it is found that
Pocer ot = S d%gdzwgdy@g dhp § At oxp(—V THTE ro),mﬁm/ B (18)
and when I* = const - _ |
’ p 2 ® _ (19)
gne=1* Sd%(;gdyw}‘ S d\ exp(—V1 +MT°)?T(‘1_%3@/S.”' :

where st is the cross-sectional area of the region t.

In calculatmg integrals over.x_, and x_,, it is necessary to know the boundary of the reglon along the ray
(y¢, ¢). 'The dependence of these boundaries on (yq,, @) completely corresponds to the- cha.nnel outline. This
dependence for a discrete set of values of Yo and ¢ may be stored in the computer memory and recalled for
recalculations connected with change in the physical propertles of the region (change in neutron energy, tem-
perature of the medium, density, etc.).

In calculating the first-collision probability, integrals over Xg» x('p, and A are reduced to tabular func-
t_ion_s of a single variable [3]. This is because 7 is a linear function of Xy and x('p

=0y; —19'= — 0Oy, (20)
® .

@ ¢ A ’ 0

so that, if x - and x_+ are the boundaries of zone t, while x_ - and Xc'p'* are the boundaries of zone t', then
: . 73 1
deq,gdzq,exp (—V1+22q) =TT ow; <
' t

X [eicp [—VA+ 221, (g0, Zgms Py @] +-exp[— V 14227, (2o-, Zo+s Yo (P)]"

—exp[—V 1'*'7»270 (Tgts Tty Py 9)] —exp [“V1 + 7"2 To (Toy oy !l¢1 ‘P)” 1
Therefore, mtegrals over x(p, x(p, and A reduce to the functlon
—— dr ' o ‘ .
A (v)= S eXP(_—Vi-I-?»zv) [ENOE . N (22)

—00

~ It remains to perform numerical integration over yy and ¢, since v is a function of these variables. The
calculation of qi is analogous. Note only that the zones t and t' along the ray (y¢, @) may be multiply connected
because of the channel symmetry. In this case, the formulas obtained are applicable for each combination in-
cluding a connected subregion of t and a connected subregion of t*. The final result is obtained by summing
similar expressions over all the possible combinations, ' - :

For arbitrary functions ¢ and f, not double but quadruple numerical integration must be performed (the
integral over A may be tabulated as a function of 7y}, However, if ¢ and f are polynomials of (x, y), then'in
contrast to the case when ¢ = f =1 all that is involved is an increase in the nvum_belv' of tabulated functions of v. -
In the general case, a function of the following form is needed (4]

. . w2 .
Om(@v)= Sexp( VI+az v)m = S exp( co%) cos™ Zadet.

—_—0 —n/2

(23)
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Fig. 1. Symmetry-sector zones of region with
RBMK channel: 1-4) graphite; 5) zirconium;
6-10) water; 11, 12) uranium oxide.

In fact, the polynomial in (x,y) becomes, after transforming to the vé_riables\(x(p, y(p), a polynomial in
Xg with coefficients depending on Yo and ¢. Therefore, it is sufficient to calculate the integral

o - Tqr  Tqr
1 — 1+A27 ] . ‘ » ’ .
S zy dzg S ¥ dzg S ﬂ’_[._l_‘._*/_.ﬁ’i'_i dh = S dag S dxﬂ.,”%@z (o) _ (24)
tr t —® xg- g~
F W v (25)
S:r;dxq,.s exp(—V 1+AZTO)W= Sd;c.p:c};Q;,(ro). - 25
t - —00 ) } . . xw-

Integration by parts using Eq. (20) and the relation °

dQW/dy — — Qs (v) | | (26)
allows the powers of Xp and x(},j to be reduced and, simultaneously, the order of the function Qu, to be in- '
creased, for example ~ ' ’

- xg+ o+ . " )
I, X
) doe Qs ()= — | 2240y (%) = —220s(%0) | + | L a4-1Qa(x0).
Xp_ Xp—~ T~ Xo- .
Thus, Egs. (24) and (25) may be reduced to a combination of functions Qm (v) with different m and different
arguments. ' : - ' : '

xwf xq, +

Model of RBMK-Reactor Channel

A simplified RBMK-channel geometry is shown in Fig. 1. The simplification is that the coating attached
to the fuel element is not assigned to a separate region, but is included with the uranium oxide. To the chan-
nel a graphite layer of thickness 4.6 cm is added. It is assumed that beyond the limits of this layer the neutron
distribution may be described within the framework of the small-group P, approximation, using the Maxwell
spectrum for the thermal group. The channel symmetry sector is divided into 12 zones, In each zone the func-
tions i and f are taken in the form of linear functions of (x, y) g

foo="1, fxe=2+AL(t), fye=y+A21(t)z+A22(2); (27)

v Vor=B (&), $et=Far-BL®), yt=1,B2 (). (28)
The constants Al, A21, A22,B1, B2, B are found from the condition of mutual orthonormality of the functions

f’ﬂt and ypt. For the other symmetry sectors, the functions take the same form in a coordinate system applied

TABLE 1. Cross Sections of Materials

Total {Scattering . [Fotal ' [Scatterin

Materiall cross  Jicross sec - | Materialerogs sec- jcross sec-

section {tion, min tion_min| tion, min

C . ]0,03809 | 0,03809 U0, 0,06114 | 0,03659
Zr | 0,03485 [ 0,03400 | E,0 | 0,21318 | 0,21243
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b
1 1 1 1 1 1 1 1
0 10 L/ 1} 40 50 - 60 0 8 R, mm

Fig. 2. Dependence of flux & on the radius in the cross
sections ¢ = /12 (a) and ¢ = 0 ). The horizontal bars
correspond to the mean values of the flux over the zone.

at some angle to the-iriitial system. ‘On passing to the initial system, the appropriate coordinate transforma-
tion is performed. ' : '

Solutions of Eq. (1) were obtained by the scheme outlined in two approximations: by the usual first-
_collision method and the improved method with the polynomials in Egs. (27) and (28). The cross sections and
the results of the calculations are shown in Tables 1 and 2 and Fig. 2. C omparison with the Monte Carlo
method shows that the improved method is of high accuracy (Table 2). It is also of interest to compare the -
results with the usual first-collision method but with division into 16 zones (Table 2). The error of the usual
method in calculating & with division into 12 zones amounts to 27.3%, the corresponding figure for the im-
proved method being 3%. The difference in computation times is a factor of 4.5, whereas the number of un—-
knowns (matrix elements) is increased by a factor of 9. It is seen in Fig. 2 that the linear functions fy and
fyt reduce the discontinuities of the flux -& at the zone boundaries, but cannot eliminate them entirely.

It must be noted that division of the RBMK-channel symmetry sector into 12 zones with linear functions
fyt is the optimum. A smaller number of layers can probably be introduced in the graphite layer. But

TABLE 2. Calculation of ¢ in RBMK Channel by Different Methods

Z Monte Carlomethod | Division into 12 zones Division into 16 zones Linear approximation
one
Materfal ©— OMC ®— O MC ®— @ MC :
No. D-108 G-102 ®-108 — . 100%! ®-103 |—————-100% -103 —_—100%
, : TMC ®IoMc @10 SMC
1 C 6,491 0,006 6,424 —1,0 6,445 —0,7 6,454 —0,6
2 C 6,059 0,008 5,971 —0,2 6,005 —0,9 - 5,998 —1,0
3 G 9,977 0,010 9,496 —1,4 5,942 —0,6 5,530 —0,8
4 C 5,066 0,011 4,974 —1,8 5,037 —0,6 5,023 —0,8
5 Zr 4,592 0,012 4,484 —2,4 4,566 —0,7 4,556 —0,8
6 H,0 4,000 0,011 3,867 —3,3 3,965 —0,9 3,986 —1,4
7 H 0 2,594 0,009 2,646 © 42,0 2,631 -+1,4 2,570 —0,9
11 U0, 2,348 0,008 2,418 43,0 2,395 - +2,0 2,362 -+1,4
8 H,0 1,543 0,010 1,810 +17,3 1,593 +3,2 1,516 —1.,7
12 U0, 1,328 0,009 1,633 +23,0 1,417 4-6,7 - 1,320 —0,6
9 H,0 1,298 0,016 1,651 +27,2 1,365 +35,2 1,267 —-3,6
10 Zr 1,316 0,018 1,626 . +4-23,6 1,368 44,0 1,278 —2,9

92

Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030002-2




Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030002-2

additional division into small zones may perhaps be worthwhile between the series of fuel elements. On the
other hand, the addition of quadratic terms in certain zones may eliminate the need to divide them.
CONCLUSIONS

The generalized first-collision method may prove useful in calculating channels with complicated geom-
etry — e.g., RBMK channels, Then polynomials of different order may be used in different zones, taking into
account, where necessary, ‘the curvature of the neutron distribution by means of quadratic terms.

It remains to thank Yu. P. Elagina, A. S. Il'yashenko, and V. A. Lyul'ke for generally offering the pos-
sibility of comparing the results of the present work with results obtained with their program.
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COST OPTIMIZATION IN CONNECTION WITH THE
ACCUMULATION OF ISOTOPES OF THE
TRANSURANIUM ELEMENTS

S. A, Nemirovskaya and A. P. Rudik - UDC 621.039.554

A system of equations has been proposed in [1] which descrxbes cost redistribution in connection with the
accumulation of isotopes of transuranium elements. The purpose of this article is to develop a formalism -

- which permits optimizing the costs in connection with the accumulation of the isotopes of transuranium ele-

ments if the redistribution of these costs is described by the system of equations from [1].

The equations which describe depletion of isotopes are of standard form (e.g., see [2, 3]). Let us intro-
duce the following notation: x(l)(t) number of nuclei of isotope i at time t; Zj, depletion rate of isotope i;
2{ 1 formation rate of isotope i due to the depletion of isotope i — 1; A, decay constant of isotope i; and

}\%", decay constant of isotope i — 1 with the formation of isotope i. Then

d;(tn 21 1—1—7\' 1) z(z-g)_(z +7~z z _]'m . )

withi=1,...,n, where n is the number of isotopes in question; E, = }\1 =0,

If we arbitrarily separate (as has been‘d'one ,e.g., in [2, 3])the neutron flux density into a thermal part
U and a resonant part w, then one can represent the reaction rate T in the form

S=oU+1It(z) 0, (2)

where o and I are the thermal cross section and the resonant integral, and the factor { takes account of block-
ing of the resonant integral for the isotope x to which £ corresponds.

Equations Wh1ch Describe Cost Redistribution, Let

y® (1) = Cpp (£) 2™ (t) k=n+1, ..., 2n (3)

be the cost of all the nuclei of the isotope k — n at time t [then Ck_n(t) is the cost of a single nucleus of iso-
tope k — n], and correspondingly let V be the average cost of a single neutron. According to [1], the following
system of equations occurs: -

Translated from Atomnaya Energiya, Vol. 48, No. 2, pp. 84-86, February, 1980. Original article sub-
mitted March 26, 1979.
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k
dy( ~) = (211 n—1+)"h-n-1) y(h‘i)"*‘(zk n+}"k—n) y(h) "f‘ zk —-n- lvz(khn“i)—g(h) o (4)

If we use Eq. (2) for Ek—n—-i’ the product Zy_pn_V is transformed to the form
Shena? = OhenaVoU + In bV, (5)
where Vy and V; are the costs of fhérmal and resonant neutrons, respectively, o

Functional to be Analyzed, The systems of equations (1) and (4) should be supplemented with a func-
tional J to be analyzed of the form »

.k (6)
J=\roa.
)

Here T is the irradiation time, and the function £ depends on x® ¢ = 1,...,n, y(k), k=n+1,...,2n) and
the reaction rate. ’

Conjugate Functions and the Hamiltonian, Let us denote the conjugate functions in x(i) by ¥i and those
in y¥/ by yi.. Then the Hamiltonian & of the systems of Eqs (1) and (4) supplemented by the functional (6)
~is written in the form

= o™ + “«pﬂ"+ “, ng™, "

Whei‘e ¥y is a nonpositive-definite constant and the conjugate functions y; and xi satisfy the equations

d\pi ) ac%'. X ;4

dat ozt ' At gk’ (8

If the reaction rate = has the form (2), Eqgs, (8) are transformed to the form

. i . 1 - N
dp; f O - A (Zh) 8(Zyy xth) emy 921 cam 921 VM
at T V0 gz Eopgy T IR oG Kisny “3zh Kitnha ‘y ozth gzt

. (9)
d a/(ﬂ)
S = (e — Tara) (Bn- n-m n) — o 5,7
and the derivatives of the reaction rate w1th respect to the variable x are not equal to zero by virtue of the
dependence of the blocking factor £ on x.

Boundary Conditions. The systems of equations for the phase variables (1) and (4) and for their conju-
gate functions (8) or (9) should be supplemented with boundary conditions. All the quantities x(0) and y(k)(O)
are specified at the start of irradiation at t = 0. At the end of the irradiation at t = T usually neither xD (1)
nor y(k) (T) are speclfled* and the boundary conditions are

D= (D) =0 i=1, ..., m k=n+1, ..., 2n. (10)

Perturbation Theory. Let the reaction rate be of the form (2) and let a be one of the functions U, w,
Vy, or V, or one of the parameters o or I. Then if the systems of equations (1), (4), and (9) are solved for
some value o {t) and the corresponding functional J i is determined from Eq. (4), the varlatlon 6J is expressed
- [4] in the following way in terms of the variation da:

T . -(11)
. , 8 = 5—&1— 8a (t) dt,
- with gy = —1. 0

Control in the Problems. We will assume that % has the form (2). Then U(t) or w(t) can figure as the
control in optimization problems. It is necessary to find such temporal variations of the function Uft) or wit)
(which one is immaterial) which would result in a minimum of the functional J. It turns out [5] that the neces-
sary condition for this to occur is the satisfaction of the maximum principle, which requires that the Hamil-
tonian as the control function attains a maximum. For the class of problems under discussion the Hamiltonian
(7) is linear with respect to control and can be represented in the form '

& =Fy+ FU + Fo, | (12)

*If some of the x{D(T) and y(k) (T) are specified, the transversality condition (10) is modlfled in a standard way
e.g., see [4]).
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TABLE 1. Main Physical Constants Entering
into the Reaction Rate : :

Index a.b b |Index | b | rob
1 8 | moo | 1—2 | 18| #00

2 90 | 200 | 23 | 90 | 2000

'3 12 720 | : A

where the functions F;, F,, and F; depend only on the phase variables and the conjugate functions but do not
depend on the controls. Therefore, satisfaction of the maximum principle requires either sign determinacy
of the switching functions ¥, and F3 for the limiting values of the corresponding controls or — in the case of
special controls [6] — equating the switching functions to zero. ‘

Two Types of Optimization Problems. The following types are evidently of greatest interest.

1. Minimization of costs for the production of a given isotope. In this case J (D) = y(k) (T) and the func-
tion £©) can be selected in the form £0) = k),

2. Minimization of the costs for the production of the sum of all the isotopes appearing in Eq. (1). Then

on - n - . . o

d _— . : _ ,

L3 T e e
h=n+1 i=1 .

follows™ from the system ). Thus minimization of the costs for the production of the sum of all the isotopes
is determined only by the total number of absorbed neutrons. In this case . h

n
fo=7 3 2,
_ i=t
and consequently it is not necessary to discuss system (4) for solution of the optimization problem.

General Nature of the Solution of Egs. (1), (4), and (9), Let us discuss the simplest example which has
a purely methodological meaning. The most characteristic features of the solution of the systems of Egs. (1),
(4), and (9) will be clear from an analysis of it. Let us take #2py ag the initial isotope i.= 1. Then the iso-
topes $3Am and *‘Cm will correspond to the indices i = 2 and i = 3. . The main physical constants entering into
the reaction rate are given in Table 1. ’ :

To simplify matters we have assumed all £ = 1. A specially written computer program has been used
for the solution of the systems of Eqgs. (1), (4), and (9). - The calculations were carried out with U = 10! neu-
trons/cm?-sec, w = 0.3-10' neutrons/cm?- sec, and T = 1.2 years. We adopted M0y =1, x@(0) = x®(0) =
0 as the initial conditions for x(0). The following alternative initial conditions were considered for y & (0)
(with Vyy =V, = 1)z '

1) g O =y (O =y O =0;
2) yo (0) =1; y® Q) =y® (0)=0;
3) ¥ (O =2 ¥ O =y® O =05 .

J = y(G)(T) was selected as the functional to be analyzed. The dependences x®)(t) and y® ¢t) and the switching

functions F,t) and F4(t) are given in Table 2 for the corresponding alternatives. The results obtained permit
formulating the following conclusions within the framework of the example considered.

In the first place3 it is completely natural that both y(e) (t) and y(G)/x(3) ,incfease as y(4)(0) increases.
However, the ratio [y(3 )x®) 01/ [v(s)(O)xm(t)] is, within the limits of computational error, a universal func-
tion of t, i.e., it does not depend on the alternative number. '

In the second place, the temporal dependence of the switching functions F and F, indicates that in order
to reduce y(s) (T) the flux of thermal neutrons should be less at the end of the irradiation than at the start, and
the flux of resonant neutrons should be less at the start of the irradiation than at the end. We note the uni-
versality of the functions F,(t)/F4(0) and F;(t)/F4(0).

*If the chain (1) is being considered for n isotopes, it is necessary to discard the term (Zn + An)y(zn) in Eq.
(4) for y(m). We have the situation in mind in which we are speaking of a certain logical inconclusive-
ness of [1]. :

95

Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030002-2



Declassmed and Approved For Release 2013/02/01 CIA RDP1O 02196R000800030002-2

TABLE 2, Results of the Calculatlon of Altematwes 1- 3

. Alt‘ 5 Temporal - : - : 1, years
_ emative, function 0,0 '] - 0,2 0,4 .| - 0,6 _ 0,8 1,0, 1,2
For all 1 (1) | 0,000 0,037 0,413 ] 0,197 0,27 0,330 0,371
. alternatives ' ) '
1 | y® @ 0,000 0,077 0,251 0,463 - 0,680 0,884 1,068
y®/x® 2,000 2,081 2,221 2,350 2,509 2,679 2,879
Fy(t) —0,045 —0,031 —0,058 1 —0,068 —0,080 —0,094 —0,112
Fg(t) - ‘—2,723 . —2,703 | —2,677 | —2,645 —2,606 ———2,557 —2,497
2 ¥ (2) 0,000 0,16 | 037 | 0,60 1,020 “{ 1,327 1,602
: y® [z 3,000 3,135 3,327 3,523 3,764 4,021 4,318
Fg(t) —0,067 —0,076 -0,088 —0,102 —0,119 —0,141 —0,169
Fa() —4,084 —4,053 —4,015 —3,967 —3,009 —3,836 —3,745
3 ¥ (£) 0,000 " 0,154 0,502 0,926 | 1,360 1,769 2,137
) y©/z® 4,000 4,162 4,442 | 4,700 5,018 5,361 5,760
Fo () —0,089 —0,404 —0,117 —0,136 —0,450 | —0,188 —0,225
Fqa{t) —5,445 —5,404 —5,353 | —5,290 —5,211 —5,114 —4,993 ‘-

The universal nature indicated above for the functions Iy(ﬁ)(t)x(a) 0}/ [v(‘;) (0)x(3)(t)], Fg(t)/FQ(O), and
3(t)/F3(0) is a rigorous law which is due to the form of Egs. (1) and (4) and the initial conditions on x(0)
and y®(0),

In the third place, given the very same neutron flux. altema‘uves, the larger the absolute value of the
“variation 6J of the functional is, the higher is the cost of the target material.
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MEASUREMENT OF THE CROSS SECTIONS FOR RADIATIVE
CAPTURE OF NEUTRONS BY 23%U AND """Au RELATIVE TO
THE CROSS SECTION FOR THE ELASTIC SCATTERING OF
NEUTRONS BY PROTONS

A. N. Davletshin, S. V. Tikhonov, UDC 539.125.5
A. O. Tipunkov, and V. A. Tolstikov ‘

The study of the cross sections for the radiative capture of fast neutrons by **U and ®"Au is of interest
mainly because of the practical requirements of fast reactor calculations involving the breeding of nuclear
fuel. The differences in the results obtained by various experimenters who have investigated these cross sec-
tions are still rather large, Most of the measurements have been made relative to standard cross sections
which have a complex structure, and this can introduce further errors. I order to obtain more accurate ex-
perimental data we have measured the ®%U and 1975y capture cross sections relative to the smoothly varying .
n —p scattering cross section for neutron energies from 0.35 to 1.4 MeV,

Bombardment of Samples. Samples were bombarded at an electrostatic accelerator using the T(p, n)*He
and 7Li(p, n)'Be reactions. Figure 1 shows schematically the geometry of the placement of the sample and the
hydrogen-filled counter during bombardment. The sample and counter were located at an angle of 0° with re-
spect to the proton beam,

The neutron flux density at the center of the sample is (3-6) - 10® neutrons/cm?-sec; the relative effi-
ciency (the ratio of the number of interactions to the number of incident neutrons) for radiative capture by
samples of Ug0; is (0.5-0.9) - 10729, and for Au samples (0.8-2) -10"2%. The attenuation of the neutron beam
by the sample in the container at energies between.350 and 1400 keV is 3.5-9%. The construction of the coun-
ters is described in [1]. The counters are filled with pure hydrogen or methane, .

The cross section for the radiative capture of neutrons of energy Ep was calculated from the expres-
sion - ' '

1 2 3
i
./_/-
-\

Fig. 1. ‘Geometry of: a) measurements of neutron
flux; b) bombardment of samples; c) structure of
assembly for bombarding samples; 1) target; 2)
location of shadow cone; 3) H-counter; 4) sample;
5) target support; 6) sample holder; 7) cadmium
container; 8) sample. '

Translated from Atomnaya Energiya, Vol. 48, No. 2, pp. 87-91, February, 1980. Original article sub-
mitted April 23, 1979,
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__ Nys f(r 9 nn.coVeoCeo

X Urad= (En) T]N Cw my sq Gsa GCO(EH) (1)

Here 7 is the efflclency of the Ge (Ll) detector; £f(a, t), time factor, Dy co» NUmMber of hydrogen nuclel per cm?;

Veo, sensitive volume of the counter; mp ga, number of activated nuclei in the sample, 0co(En), n— p scat-
tering cross section [2]; opad(Ey), cross section for the radiative capture of neutrons; and Cy, correction
* for the time variation of the neutron source strength.

The geometric factors for the counter and sample are of identical form:

N

Coo=g—2— @
©" Veonco%co :

. Vsa ’ . T 3

Gsa=—7 50" (3)

In these expressions v is the absolute efficiency of the corresponding detector. In both cases v is calculated
for an isotropic disk source of neutrons and a uniform cylindrical detector located coaxially [3].

The quantities N, and Nijp in (1) are calculated from the expressions

_ Nydy ' - 4
Y | @
No— Neis () ' 7 (5)

in= poAe(-T) Kn.gp(z)' .

where N., is the area of the total absorption peak; T4y, correction for the dead time of the analyzer recording
the y spectrum; Ng;s(x), area of the recoil proton spectrum (RPS) for the threshold x = Ep/Ep [Ep, recoil
proton energy; i.e., Ngig(x), experimental integral RPS]; and Tdp, correction for the dead time of the ana-
lyzer recording the RPS; Kpen(x), integral RPS calculated by the Monte Carlo method for the chosen value of
the threshold [4]. Equation (5) can also be written for the differential RPS. Problems related to the calcula-
tion of Nj, are discussed in detail in [5].

It is important that effects in the sample N.4 and in the counter N, in Eq. (1) are produced by nearly
monoenergetic neutrons, This condition is not satisfied in the bombardment of samples. The dependence of
the response function on neutron energy is different for sample and counter, and therefore corrections for
background effects must be introduced into the experimental results so that ultimately the values obtained cor-
respond only to neutrons incident on the detector directly from the target.

The measured value of the background correction A,, to the activity of a sample takes accourt of the ef-
fect of the room and the finite mass of the sample, container, target support, and sample holder, In addition,
a correction is introduced for the anisotropy of the neutron source, and therefore the spread of neutron ener-
gies indicated in Tables 1 and 2 is produced by the thick target only. This correction is discussed in detail
in [6].

The background correction A a(x) in the experimental RPS includes the effect of the room, the walls and
ends of the counter, the target support and sample holder, and the attenuation of the neutron beam by the layer

TABLE 1, Cross Sections for the Radiative Capture of Neutrons by 1?§U

Neutron Radiative capture Hydrogen-~filied counter e luGe(Ll) detectar
energy, keV |crosssection, mb shape | volume,

BY. KEV/ : type volume, cmj type pi%séilslr/er'nz parameter | cm?® eff., oh
597416 127,1+3,9 % 11 112,2 H, 1,65 0,487 32 1,66+4+0,03
590423 130,8+3,6 % K-1 99,3 H, 2,03 0,558 32 1,66+0,03
792+22 135,7+4,2 % K-1 99,3 H, 2,03 0,497 32 1,66+0,03
102622 124,24+3,6 % K-1 99,3 H, 2,03 0,411 32 1,6640,03
352425 117,4+3,1 % K-2 179,7 H, 1,86 0,632 70 ‘l,QSiOO'C\)ln
700441 128,8+2,8 % K-2 179,7 H, 1,86 0,553 70 1,9840,04
1192433 87,4431 % K-2 179,7 H, 1,86 0,375 70 1,98+0,
348+23 119,9+2.8 % K-1 99,3 . H, 0,90 0,586 50 1,874+0,02
348+15 122,3+3,0 % K-1 99,3 H, 0,90 0,586 50 1,8740,02
603+36 114,64+2,7 % K-1 99,3 H, 0,90 0,456 50 1,87+0,02
1400+-31 69,6+2,3 % K-15 255,0 CH, 3,04 - 0,632 50 1,87+0,02
1400431 75,9+2,7 % K-18 177,8 H, 2,60 0,392 50 1,87+0,02
350+24 124,8+2,8 % K-1 99,3 H, 0,90 0,586 50 1,8740,02
600422 114,0+2,5 % K-15 255,0 CH, 3,04 0,677 50 1,87+0,02

1400423 71,7+2,56 % K-15 255 0 CH, 3,04 0,632 50 1,8740,02°

98

Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030002-2



Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030002-2
TABLE 2. Cross Sections for the Radiative Capture of Neutrons by ®Au

Neutron Radiative rl Hydrogen-filled counter Ge(Li) detector . )

eapture cross olume, pressure, (RPSshapelvolume, i o_m"A_u

energy keV section, mb YPe et B35 105N/m? mrametejem® eff. . a,p (A
597+16 126,6+3,2% I-1 112,2 H, 1,65 0,487 32 2,240,007 1,004+3,8%
590+23. | 131,5F3,5% K-1 99,3 H, 2,03 0,558 32 2,240,007 0,995+3,9%
352419 212,74+3,1% K-2 179,7 H, 1,86 0,632 -70 3,01+0,06 0,552+3,9%
700+41 121,04+2,9% K-2 179,7 H, 1,86 0,553 70 3,011-0,06 1,080+3,4%
1188+38 74,8+3,4% K-2 179,7 H,, 1,86 0,375 70 3,014+0,06 1,168+3,7%
348+23 200,8+2,7% K-1 99,3 H, 0,90 0,586 50 2,710,007 0,597+3,3%
34815 223,0+2,7% K-1 99,3 I, 0,90 0,586 50 2,7140,007 0,548+3,4%
140027 | 67,712,7% K-15 255,0 | CH, 3,04 0,632 50 2,71+0,007 1,028+3,0%

~of air, This correction was measured for each posit107n of the counter arnd neutron energy in the form of a
correction spectrum for the differential or integral RPS. ‘Figure 2 shows the measured values of A¢(x) for
several values of the neutron energy. The experimental absolute value of the correction is normalized to the
RPS corresponding to neutrons incident on the counter directly from the target. The data on Fig. 2 refers to
a K-2 counter (cf. Tables 1 and 2) located 70 cm from the target.

Efficiency of Ge(Li) Detector. Samples of the same composition as those used in measurements at the
electrostatic accelerator and two foils were bombarded simultaneously by a beam of thermal neutrons (Fig. 3).
If the thermal neutron flux density is constant through the sample and foil, the efficiency can be calculated
from the expression : : ’

n=Am/aM, : (8

where M and m are, respectively, the masses of the sample and foil.

The activity A of the sample was measured with a Ge{Li) detector by the total energy absorption peaks
E, = 74.7keV for U;Og samples and 412 keV for gold samples. The absolute activity a of a foil was deter-
mined by the 478 — vy coincidence method.

For the arrangement shown in Fig, 3 the flux densities ¢, @, and ¢, are not identical. If we denote by
C? the transmission of the arrangement, it can be shown that :

: _ N =n/C =Cn,, v (7)
where 74 and 71, are the efficiencies calculated for foils 1 and 2 by Eq. (6).

Consequently, from the results of bombarding the two foils and the sample, the efficiency of the Ge (Li)
detector can be determined from the expression '

n=Vm. - ' (8)

A 3 - -
094 Yo, 00
éux)u}\'_”l Vo[ ¢
090 teet ] %
- a
0155 L 1 1 1 i
098 ¢ 2 3 4 2
gul- 2 l° L
N 1 R
090}- b “9go0gu0], o0 ge0 ot/
L i i fl Lo . o o°oa°o° /
3 : 1 Ao 202t
0,98t ?o ’ °oooug°u :
v o P 262,% %3
094t §°o : B0 0% o]
d éooE’ T 4060 .0%0 91
1 D690 aa 0% 6%
g9} _ g L v,
U ' " : 7
R T
06z 0% 06 88 10 Fig. 3. Bombardmentof samples
Fig. 2. Background correction by a beam.of thermal neutrons:
Ag(x) for neutron energies of: a) 1) neutrons; 2) foil; 3) sample;

350; b) 700; c) 1200 keV, 4) container.

99

Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030002-2




Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030002-2 _

TABLE 3. Components of Total Random Error
of 238y Cross section

Error, %

lit
Quality 350(ke V)| 1400 (keV)

Time factor t (A, t)
Correction for const "neutron source

strength, C
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The absolute activity of a U3Qy foil was measured by the method of 478 —y coincidences with a subse-
.quent correction for the counting efficiency in the g channel for sources of finite thickness [7]. The absolute
activity of a gold foil was found by the method of double linear extrapolation of the g counts to a value of the

counting efficiency equal to unity [8]., The area of a total absorption peak in the measurement of the activity
of samples by the Ge(Li) detector was determined by the trapezoid method [9].

Experimental Results. The measured values of Ony for 238U are listed in Table 1, and those for ¥"Au
- in Table 2, - Preliminary values of some of these quantities were published in {10, 11], Subsequently, back-
ground corrections to the activity of the samples were refined, and the present paper reports the final resuits.
The errors indicated in the tables correspond to a 68% confidence interval.

The tables list information on the detectors employed. The use of various Ge(Li) detectors, hydrogen-
_filled counters, the change of composition and pressure of the filler gas, decrease the unknown systematic
error connected with the parameters of these detectors and the whole set of our data introduced in using them
to estimate radiative capture cross sections. The possible systematic errors of the background correction to
the. activity at E = 350 keV are from -2 to +3% for 19TpAu, and from —1.5 to +2% for ¥*U; for Ep = 1400 keV
the limits of the ranges are approximately half as large. - ' ‘

In using hydrogen-filled counters it was not required that the shape of the RPS be close to that of a uni-
form distribution, Therefore, in using a counter over a wide range of energy the RPS differed strongly from
a uniform distribution. Tables 1 and 2 list values of the: RPS shape parameter for each counter. This param-
eter is the value of the calculated integral RPS gplx = 0.3) for the neutron energy under consideration, Fora
uniform distribution of the pulse amplitudes from x =0tox =1, sp(x = 0,3) = 0.7,

Table 3 lists the random errors of all the factors in (1) for the end points of the energy range. Informa-
tion is also presented on the random errors in a somewhat different form: for Ey = 350 keV the error of all
‘quantities related to the measurement of activity is 2.4%, and for quantities referring to the hydrogen-filled
counter, 1.6%. For Ep = 1400 keV these errors are 1.9 and 1,9%, respectively.

Discussion of Results and Conclusions. Figuré 4a, b shows the results of our measurements with indi-
cated random errors and the energy spread of the bombarding neutrons, and also our estimates of the radia-
tive capture cross sections for 28U [12] and ®Au (13] and estimates from ENDF/B IV [2].

Our results for 23%U are in better agreement with estimates in [12] than with those in (2], and those for
19754 differ from very close estimates in [13] and [2]. At the lower boundary of the energy range our results
are higher than the estimated values by (3  2)% on the average for 2*U, and by (15 + 3)% for *"Au. For E, =
1.4 MeV our results are lower by (7 + 2)% on the average for ?*U and by (9 £ 5)% for '*Au. For Ep = 1 MeV
our data for both elements on the average agree with estimates in [2, 12, 13]. Thus, for both elements the
energy dependence of our data is different from that for the estimated data. We note that approximately the
same energy dependence of Ony for 197Au was obtained in [14] by the time-of-flight method.

This conclusion is certain, All our measured values of cross sections differ from one another in at
least one of the experimental conditions: the neutronenergy, the Ge(Li) detector, the counter and the pressure
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0 12 En MeV

Fig. 4. Cross section for the radiative capture of neu-
trons by: a) 2%%U; b) "Au, and the ratio of ony for
B8y to oy~ for 197Au, a, b, O) our data; A) estimated

data from [12] for 28U and [13] for ¥"Au; —) estimated
from [12]; — — —) mean-square spread of estimated
experimental data in [13] equal to 6.5%; c, O) our data,
0) ratio calculated from data in [2]; — — —) data from
{15]; —) data from [14].

" of the gas in 1t the target support. The mean- square spread of the average values at values of the energy for
which experiments are repeated is 4.5%. The average random error of our data is 3.1%. The difference be-
tween these estimates of random errors clearly arises from systematic errors in the cross sections intro-
duced by the values of 7, e(x) fncos and Veo in Eq. (1),

Using the measured cross sect1ons ‘the ratio of the radiative capture cross sections of uranium and
gold was calculated. The errors of quantities pertammg to the recoil proton counter do not enter into the
error of these ratios except statistically. Figure 4c shows our results and data from [2 14, 15] The values
closest to our results were obtained from estimates in (2]

The necessity of reliable information on Opy for 281 requires further measurements by the procedure described
to decrease possible systematic errors of the results obtained. It is desirable to extend the energy range both
toward lower neutron energies by usmg v-ray diserimination, and toward higher energies by using methane-
and hydrogen-filled counters.
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SOLUBILITY OF NITROGEN IN WATER

Yu. A. Kalaida, Yu. D. Katkov, = UDC 621.039.5.629.1
V. A. Kuznetsov, A. Yu. Lastovtsev, ' :
A. P, Lastochkin, and V. S. Sysoev .

The question of the solubility of nitrogen in water at mcreased parameters of it has taken on great practi-
cal significance in recent years in connection with the use of. nitrogen as a working body in systems of compen-
sation for the volume in water-cooled — water-moderated reactors. This leads to an extremely substantial
saturation of the coolant of the first circuit of nitrogen. ‘ '

An increased nitrogen concentration in the coolant (C = 2000-3000 normal ml N, /kg H,0) can disrupt the
normal operation and can be the cause of breakdown of circulation pumps, filters of the system of purification
of heat cells, and other first circuit equipment [1-4], :

An analysis of the published data on the solubility of nitrogen in water [5-12] has shown that there is a
sufficiently large number of experimental data, in relatively good agreement, for low pressure and tem-
perature, while there are few data for moderate and high pressure and temperature, and they sometimes dif-
fer substantially from one another. :

One of the causes of these dxscrepancxes in our opinion, is the absence of an objective method of deter-
mining the limiting (equilibrium) value of the nitrogen concentration in water at various parameters, In all the
studies the evaluation of the limiting solubility was to a deflmte degree subjective, since it depended on the
experimental conditions.

In view of this, the authors of the present work undertook the following tasks:

to develop a method that would permit an objective determination of the limiting value of the nitrogen
concentration in water; . .

to experimentally investigate the solubility of nitrogen in water in the region of moderate and mcreased
parameters typical of water-cooled — water-moderated reactors.

The 1nvest1gat10ns were conducted on a special stand with forced circulation, equipped with systems for
compensation and air and gas removal, A peculiarity of the stand was a universal volume compensator (VC),
which can be used in gas, steam and steam — gas systems of operation. The circulation circuit included a
thermally msulated sample collector of special design (capacity 1047 + 5 ml), equipped with an autonomous
cooling system. The stand and sample collector were equipped for measuring the pressure with standard
manometers (error no greater than +0,0025 MPa), standard mano-vacuummeters (error no more than +0.001
MPa), differential transformer induction pickups with secondary indicating and recording instruments (error
no more than +0.06 MPa); and for measurement of the temperature, thermocouples (error no more than
41°C) with the same instruments.

To find the limiting values of the nitrogen concentration in water, we developed a method of phase trans-
formations, permitting a determination of the concentration of the solution Cj without overflow and cooling of
the sample. The method was based on the phenomenon of abrupt variation of the pressure and temperature in
a closed volume at the moment of phase transition of the solutlon from an undersaturated state to a state of
limiting saturation and oversaturation.

Forced circulation of degasified water (using a VC in the steam system) or water saturated with nitrogen
to some value of Cj (using a VC in a steam — gas or gas system) was carried out through the sample collector,
After stabilization of the parameters, the sample collector was disconnected from the circulation circuit and
the external pressure created by the VC. The change in the pressure and temperature in the disconnected

7 Translated from Atomnaya Energlya Vol. 48, No. 2, pp. 91-94, February, 1980. Original article sub-
mitted March 26, 1979; revision submitted June 27, 1979,
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Fig. 1. Scheme of variation of the parémebers in

the disconnected sample collector: —) two-phase
gas —liquid mixture; — — —) degasified water
(Ci = 0); — -—) water saturated with nitrogen (Cj =

0); time of transitional process 15-20 sec.

sample collector was recorded synchronously on the tapes of automatic recording instruments. Figure 1 shows
the variation of the temperature t = f;(r) and pressure Pyy¢ = f5(r) in the sample collector after it was discon-
nected (point 1). The processes 0—1—2'— 3 correspond to experiments with degasified water (Cj = 0), the
processes 0—1~-2"— 3" to experiments with water saturated with nitrogen to some value of Cj. The pressure
and temperature of saturation are established at the point 2', and a pressure and temperature differing from
the parameters of saturation at the point 2", The experiments show that there is an unambiguous relationship
between Cj and the pressure difference at the points 2' and 2",

In our opinion, for the pressure and temperature at the point 2", the given value of Cj is the limiting,
equilibrium value, i.e., Cj = Clim (P,ntyn). At these parameters, the gas component of the solution is still in
a bound state, at the boundary of transition to the free state. The relationship between the limiting gas content
and the parameters of the solution at the moment of the phase transformation can be found according to Henry's
law, keeping in mind that Pyt = Pym: :

clim= (Peot —Pe)lkp, 4y (1)

where kP,t = f(Pgot» t) is the solubility coefficient, dependent on the pressure and temperature of the solution,
MPa - kgH,O/normal N,, Thus, in contrast to the methods of other researchers, in this method the limiting gas
saturation is determined objectively according to the pressure jump at the moment of the phase transformation.

The method of phase transformations permits monitoring of dissolved gas without overflow of the sample
according to the parameters of the phase transformation. In this case the monitoring is performed according
to the nature and form of the graphs of t = f,(r) and Pgot = £,(r), according to the presence or absence of a
"break," corresponding to the parameters of the phase transformation. The absence of a break (processes
0-1-2in Fig. 1) is evidence that the turned off sample collector contains a two-phase gas — liquid mixture.
The phase transformations evidently cannot occur in the two-phase system. The nature of the pressure change
in this case is determined by the system of cooling of the sample collector. In the case under consideration,
Ci > Ciim. The same nature of the change in the pressure and temperature in the sample collector will exist
when C;j = Cim.

The presence of a break is an indication that a homogeneous medium was found in the sample collector.
If the parameters of the phase transformation correspond to the parameters’'of water at the line of saturation,
then degasified water was found in the sample collector (processes 0—1—2'—3"in Fig, 1). In this case Cj = 0.
If the parameters of the phase transformation differ from the parameters of water at the line of saturation,
then a homogeneous solution of gas in water was found in the sample collector (processes 0—2~2"~ 3" in
Fig. 1). In this case Ciim > Cj > 0. The value of C; can be determined according to the parameters of the
phase transformation, if the solubility coefficient kp,t is known. Thus, for a concrete determination of the
nitrogen concentration in water by the method of phase transformations without overflow of the sample, the
function kp ¢ = £(Ptot, t) should be known.
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To find this dependence we used the method of sample collection, followed by cooling. Forced circula-
tion of water saturated with nitrogen to some value of Cj was performed through the sample collector., After
stabilization of the parameters, the sample collector was disconnected from the circuit and the external pres-
sure created by the VC. The autonomous éooling system was turned on, and the sample was cooled to 15-20°C,
Then the pressure in the sample colléctor was measured. The gas concentration in water Cj, corresponding
to the limiting parameters P,n and t,n was determined according to the difference of the specific volumes of
the hot and cooled samples, consulermg a correction for the res1dual nitrogen concentration in water accord-
mg to the formula s

L %L, = :
C‘—(ii (pzn zz,)_ f°t d [ ( 1"““ 28 i, res | »bormal ml N,/ kg H,0, @)

. +Bthot c001) Tcool
where Pf&ol is the total pressure in the sample collector after cooling, MPa; Pg, saturation pressure at
Teools MPa; Teools temperature of the water and gas in the cooled sample collector, °K; Vhot and Vegols
specific volumes of water in the hot and cooled state, normal ml/kg; B, temperature coefficient of volume
expansion of the metal of the sample collector, 1/deg; Cieg, residual nitrogen concentration in water at P, =
0.1 MPa and tg41, normal ml N, /kg H,O. The investigation was performed in the following range of param-

eters: 0 < Pyt <156 MPa, 100 st < 340°C 0= Clim = 5000 normal ml N,/kg H,0.

An analysis of the results showed that the relative error of the determination of the concentration C; does
not exceed +2-3% and increases with increasing concentration of the solution,

~ According to the results of the experimental investigations performed, considering the previously pub-
lished data, we constructed the C vs P vs t diagram of the solubility of nitrogen in water (Fig. 2). In its con-
struction, it was assumed that in water at the line of saturation [curve of tg = f(Pg) on the P~t plane], the
concentration of dissolved nitrogen is equal to zero, while at t = 0 the concentration of dissolved nitrogen is
proportional to the total pressure (straight line C = A = P on the C— P plane). This is sufficiently well con-
firmed by the experimental data. ' '

From Fig. 2 it follows that to each value of the pressure correspond two values of the temperature at

~ which the limiting concentration has minimum (curve of Cﬁ%’l‘) and maximum (curve Cl aX) values. Analysis

showed that the projections of the solubility isotherms onto the C — P plane are approx1mated with suff1clent
accuracy by linear functions. In this case the isotherms are tangents to the projection of the curve of Chm
onto the C— P plane, The normal to the P axis from the pointof tangency determines the pressure Pmt at.

whlch a limiting nitrogen concentration in water, Chm » is reached for the given temperature,

Figure 3 presents the diagram of the limiting solubility of mtrogen in water in a plot of C vs P.
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Fig. 2. C vs P vst diagram of the limiting solu-
bility of nitrogen in water.
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Fig. 3. Cvs P diagram of the limiting solubility of
nitrogen in water.

The empirical equations for the projection of the curve of C,ﬁlélx onto the C — P plane and the isotherms
were obtained in the following form: ’ '

Clim =0.96Peor 1Ror  (Ploe™+1)+113]; | ©
Gizd® = [2.88Rc " (Biog " +0.67) + 108.5] Plim —1.92 (R ™2 (Pp +0.5), | “

where Pg,l?x is the total pressure of the solution at which the maximum limiting concentration for the given
temperature is reached, MPa; Ptl;ot’ total pressure of the solution at which the limiting concentration of the
given temperature is reached, MPa,

The pressure P{g?x is related to the temperature through the saturation pressure Pg = f(t):
| PM*_ 0,17 (1—3P,), - 5
the value of y is determined from the functions:
y=u-+m;
u=(Var 15— 0)1/3; ‘

m=(—Ya+&—a" '. (3]
@ =4.63-10-3 [(1 — 3P,)* — 54P, (P, + 112)); :
b= —2.8-10-2[12P; + (1 — 3P,)2).
From Eqs. (1) and (3) we find the solubility coefficient
’ max .
. ) 1—(Ps/Ptot ) ) . @
0.96 [PEE™ (PTAXL1)+113) - - -«

kp.t=

From the diagram of C vs P and Eq. (1) it follows that the solubility kp,t is numerically equal to the
slope of the isotherm to the P axis in the C ~ P plane, i.e., .

max Mc
P 1

kp  =tga=[2.88P1o; (Ptot  -+0.67)+108.5] 5 N )

where MC/MP is the ratio of the scales along the concentration and pressure axes.

From the condition of constancy of kp ¢ at any set temperature, it follows that there is a relationship

between the limiting (at the pressure Piyt) and maximum limiting concentration, reached at some pressure
P{g?x and set temperature: :
5o pi, —p .
(i) __ ~max *tot s .
im Clim pmax_p_ ° ©)
tot ¢ _ .
The use of the method of phase transformations and the dependences obtained for kp,t = f(Pots t) and Cj

- permits a determination of the limiting concentration of nitrogen in water at moderate and high parameters

without overflow of the sample and without breaking the hermetic sealing of the circulation circuit.
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OPTIMIZATION OF RADIATION FACILITIES WITH
ELECTRON ACCELERATORS

V. V. Krayushkin UDC 541.15

In view of the widespread introduction of radiation technology in various branches of industry [1, 2], great
importance is taken on by studies on radiation facilities (RF) by the methods of mathematical simulation. With~
out resorting to complex and expensive experiments, one can study the parameters of facilities which are being
designed or already exist, evaluate different variants of the makeup of their apparatus, and also use mathe-
matical methods to find optimal modes of operation and control. The present paper is devoted to problems of
mathematical simulation and optimization of RF with electron accelerators, designed for radiation treatment
of lumped nonmixing systems.,

As in most desig‘n problems, for the optimality criterion it is advisable to take the minimum normalized
expenditures (3] for the construction of the RF; these could be written as

= (Ca+ enKrp)/Qpp ( @

where Cy are the annual operating costs, in rubles; ‘KRF,"capita'l outlays for RF, rubles; &, normalized co-
efficient of investment efficiency, year™'; QRF» annual output of RF, units of output/year.

To solve the optimization problem it is necessary first of all to choose a mathematical model which would
be adequate for the facility under consideration. “For the model of the RF we propose to use a mathematical
description of the process of irradiating objects with ionizing radiation. In this case the initial parameters of
the model are the characteristics which determine the state of the object prior to irradiation while the final
parameters are the physicomechanical properties (quality and state) of the final product.

When an RF with an electron accelerator is used to irradiate lumped nonmixing systems, the input
parameters should include the density (p,) and size of the object under irradiation. When objects are moved
through the irradiation zone at constant speed, it is necessary to take account of the thickness (to) and width
(lo) of the objects, The totality of input parameters can be written as

X=X (po; tov o) ' ) (2)

Since the physwomechamcal properties of a material subjected to radiation treatment are determmed in
most cases by the absorbed dose (AD) of the ionizing radiation D, the nonuniformity Ap of the AD distribution,
and in a number of cases the absorbed dose rate (ADR), » it is expedient to take these characteristics to be

- the output parameters of the RF model.

Translated from Atomnaya Energiya‘, Vol. 48, No. 2, pp. 94-97, February, 1980. Original article sub-
_ _mitted July 7, 1978; revision submitted March 30, 1979,
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The output parameters for a concrete process of fadlatlon technology are usually found experimentally;
therefore, in simulation of RF they are assumed to be determined (specified quantitatively in some interval or
expressed by functions):

y=y(D; Ap; P). | ' | (3

The physical parameters of the RF are the controlling inputs: the energy E of the accelerated electrons,
the radiation power (installed power of accelerator) N, the density j of the current of accelerated electrons in
the irradiation zone, the characteristics of the irradiator (area S of irradiation zone, density pf and thickness
tf of the absorbing filter; distance from irradiator to object under irradiation, etc.), the 1rrad1at10n time 7,
or the velocity v of transport of the irradiated object through the 1rrad1at10n zone):

‘ -.U=U(E, Ny ]1 S’ pfv'fvbv)’ . (4)
The mathematical model of RF with electron accelerators should be written as

y=f{x, u}. : (5)

The dependence of the output parameters on the input and controlling actions is determined, as a rule,
by the functions of AD and ADR distributions over the thickness of the object irradiated (the uniform distribu-
tion of these quantities over the length and width of the objects is ensured by uniform transport of the objects
through the irradiation zone and by an electron-beam scanning system)}. Using methods of calculating the
characteristics of the absorbed energy for several ways of irradiating nonmixing systems [1, 4-7], one can
get different models for the irradiation of objects, i.e., one can determine the mathematical relations between
the input parameters and the input and control actions.

To solve the optimization problem it is necessary to study the effect of the parameters of the mathemati-
cal model on the optimality criterion. The ultimate goal of this stage is to express the optimality criterion in
terms of the parameters of the model, i.e., to obtain the response function as

IiL—_F{x, u; y} ‘ : ~ (8

To find such a relation it is necessary to study the effect of the parameters of the RF model on the quantities
which appear in Eq. (1) for the normalized expenditures,

Nikulin et al. [8] presented a technique for evaluating the radiation components of the annual opérating
costs and the capital outlays in relation to the cost Kg of the radiation source, i.e., the electron accelerator;
for foreign facilities considered by the authors these indices are linear functions of Kg. On the basis of an
engineering and economic analysis of Soviet RF with electron accelerators (e.g., [9]) in much the same way as
the presented method of linear approximation we obtained

= (2.4 +0.3) Ks; ()
Ca=(0.7 £ 0.0) Ks . ‘ ' (8)

Comparing Eqgs. (7) and (8) with analogous equations from (8], we can conclude that the capital outlays
for the construction of radiation facilities in the USSR and elsewhere are roughly the same. On the basis of
data about the costs of present-day domestic electron accelerators, employed in industrial and semicommer-
cial RF we propose a formula which reflects the dependence of the cost of the accelerator on its energy param—
eters:

Kep=0.5(1 £ 8) EV N, 16 rubles, o | -

where E is the energy of the accelerated electrons, pJ; N, accelerator power (mean power of electron beam),
kW; &, spread of cost owing to different pricing in construction enterprises.

It should be pointed out that with series fabrication of electron accelerators in our country, it is quite a
complicated undertaking to make a detailed analysis; accordingly, Eq. (9) does not reflect the dependence on
other factors which also affect the accelerator cost (the reliability of the units and the accelerator as a whole,
the degree of automation, etc.). Nevertheless, the relation obtained provides a quite good representation of
the existing situation for low-energy (E = 0.32 pJ) direct electron accelerators. Figure 1 shows how the
accelerator cost depends on the electron energy for several values of accelerator power [calculated from Eq.
(9) for 5 = 0.1].

It is known [10} that the capacity of an RF with an electron accelerator is proportional to the accelerator
power and inversely proportional to the AD in the object under irradiation:
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— :
Energy o? accelerated electrons, pJ

Fig. 1. AccelerAtor cost vs energy of accelefated
electrons and beam power.

g=Nnn®*/ Dy, k8/5eC T (10)
or »

QOpr=38akk,Tpeonslyr . . - {11)
© Here 7 is the efficiency of radiation utilization; n*, ‘coefficient allowing for additional power lpsses by electron
beam in irradiator [10] (from experience gained from the construction of domestic RF it is known that n* = -

1 0.8); Dmin,» minimum allowable AD, kJ/kg; k;, load coefficient of facility; k,, coefficient of utilization of
operating time; Tp, operating time of facility, h/yr.

The efficiency of radiation utilization is the ratio of the power of the electron radiation required to pro-
duce the minimum allowable PD in the irradiated object, given wiform distribution of the radiation, to the
total power of the accelerator, i.e., ‘

R

’ . i 12
N= Nnin/N =PotoDmin/ \ D (2) dz, 2
0 .

where D&) is the function of AD distribution over the thickness [7]; R, maximum range of the electrons.

In the general case the efficiency of radiation utiliiation is a function of several variables: the energy of
the accelerated electrons, the thickness and density of the object irradiated, the nonuniformity of the AD dis-
tribution, and the density and thickness of the absorbing filter: - ~ : )

n=0(E, poto, Ap, £ 1). . (13)

When the values of the annual operating expenditures, capital outlays, and capacity of the RF, expressed
in terms of the parameters of the model [see Eqs. (7)-(13)], are substituted into Eq. (1) for the normalized -
expenditures, we get in the general form .. :

. T=0DmunkZ/V N, _ SR £V
where ¢ is a proportionality factor which is independent of the parameters of the RF model,

It must be pointed out that there are some radiation processes for which limitations exist as to the ADR,
i.e., as follows from [7], limitations as to the current on the surface of the object irradiated, In this case the
optimal value of the current density will have a value for which the condition :

€ (jopt) = Prmax ) (15)
will be satisfied. Here P, is the maximum allowable value of the ADR.

For most radiation-chemical proéesses the dependence of the AD, which ensures the necessary quality
of production, on the ADR and in the final account on the current density and the area of the exit window of
the irradiator is important. When such processes are effected in an-RF, the optimal values of the current
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Pety. g/cm’ Potor 8/cm
Fig. 2, Optimal energy of accelerated electrons
and thickness of absorbing filter under two-sided
(—) and one-sided (— — —) irradiation vs thick-
ness of irradiated material for various values of
Ap (humbers next to curves).

density and the area of the irradiation zone, which is set primarily by the area of the exit window of the irra-
diator, are found from the condition

D (jopt)/ V]optSopt =min. (16)
The normalized expenditures for the RF are reduced with a lowering of the energy as well as with an in-
crease in the efficiency of utilization of the electron radiation. On the other hand, as the energy is decreased,
the range of the electrons in the object under irradiation is shortened, thus resulting in increased nonuniform-
ity of the AD distribution, on which stringent constraints dre imposed in most cases. Therefore, the optimal
electron energy is found from

V Eqpt/n (E) = min. amn

Let us consider in greater detail the two most common ways of irradiating objects: one- and two-sided
irradiation of flat objects by a normally incident electron beam without reflecting substrates. As shown by
calculations, in these cases the highest efficiency of radiation utilization with stringent requirements as to"
the uniformity of the AD distribution over the thickness of the irradiated object (Ap = 0.2) is determined by the
condmon that the AD be the same on the surface and on the reverse side of the object:

Dui= Dy =D imin | s
In this case the optimal values of 4 are found from
' o , 1 .  4Ap .
Ooptzm[n—Qarcsm (i— TXAp )JcmZ/g ; : (19)
e 2 [0 —aresin (1 — 4P in 282 om? ‘ 20/
Oopt“‘ A [:1. arcsin (1 T ar )—{—_arcsm 1 ap J.cm/g - ‘ (20)

Here ec')pt and oc','p'tv'are the optimal values of the parameter for one- and two-sided methods of irradiation:
The ratio of the thicknéss of the absorbmg filtet and the parameter § for both methods of irradiation is
found from 7 :
. f. . 4A 57 - ’
Pete= [arcsm (1 ——'H_—X) —0. 2]/90p't : (21)
Figure 2 shows how the optimal energy depends on the thickness of the 1rrad1ated matemal when condi-
tion (18) is observed

Conclusions. On the basis of an a.nalys1s of an RF with an electron accelerator as an object of optimiza-
tion in solving the problem of optirhal design we found the output parameters of an RF model as well as control
ling actions., As the optlmallty criterion we took the minimum normalized expenditures for the construction of
an RF. In the general case the response function (ormalized expenditures on RF) was found to depend on the
parameters of the modei, For two cases we constructed a nomogram which makes it possible to find the
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optimal value of the energy of the accelerated electrons and the thickness of the absorbing filter,
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LETTERS ‘

MASS TRANSFER IN SINGLE CRYSTALS OF MOLYBDENUM
AND SILICON CARBIDE UNDER IRRADIATION WITH
LOW-ENERGY GLOW-DISCHARGE IONS

A, A. Babad-Za'khryapin, E. V. Borisov, UDC 534,9.019.3
I. B. Savvatimova, and A. D. Senchukov :

¢

As is known [1, 2], treatment in glow-discharge plasma substantially increases the density of defects of
the dislocation type in the cathode material. A hypothesis explaining this effect can be e_xplained by using the
experimental results of treatment of metallic foils in a glow discharge. Palladium foil was treated in a helium
in‘the normal region of glow discharge at a glow potential of 300-1000 V and a current density of 20-60 mA/cm?

" for 5min to 2h. Considerable porosity was found to result and the initial thickness (~100 um) of the foil was
found to increase by several microns or by as much as several tens of microns. Because of the preferential
swelling of the surface layers (Fig. 1) with a rise in temperature and dose of ion radiation the size of the pore
in the foils increases and the density decreases. When a copper specimen 3 mm thick is treated in a helium
medium the surface layer is also saturated with pores to a depth of about 80 um (Fig, 2).

These examples permit the conclusion that the generation of defects in cathode material takes place be-.
cause of swelling of the surface layers under the influence of implanted gases. This swelling results in an
increase in the density of defects of the dislocation type., For example, treatment of a molybdenum single
crystal with hydrogen, helium, and argon ions with a dose of more than 10!? ions/cm2 at a temperature of
1400-1600°C causes the defect density in the surface layer with a depth of up to 100 um (total specimen thick-
ness 2-3 mm) to increase by a factor of 10 to 100. At doses above 102 ions/cm? an increase in the defect
| density is observed throughout the entire volume of the material treated (Fig. 3).

Fig. 1. Cross section of palladium
foil treated with helium ions (400 V,
10 jons/cm?, 900°C (x 500).

&2 AV

Yy

&,

Fig. 3. Microstructure of mono-
crystalline molybdenum: a)original

Fig. 2, Crosssection of copper plate specimen; b) after treatment with
treated with helium ions (500 V, 102 hydrogen ions (10% jons/cm?, 1500°C,
ions/em?, 900°C) (x 150). 500 V) (x 500).

Translated from Atomnaya Energiya, Vol. 48, No. 2, pp. 98-100, February, 1980, Original article sub-
mitted January 30, 1978; revision submitted June 4, 1979, :
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Fig. 4. Device for studying mass transfer: 1) anode;
2) material in which mass transfer is studied; 3) dif-
fusant; 4) shield; 5) cathode; 6) thermocouple.

Defects continuously génerated during treatment of a material with plasma ions should be conducive to
an acceleration of mass transfer in the cathode material. To study this effect the object was placed on the
cathode of a discharge device (Fig. 4). We studied plates of monocrystalline molybdenum with a thickness of
about 2 mm and silicon carbide with a thickness of about 0.5 mm with layers of a diffusant deposited on them,
To determine the effect of the defects we determined the change in the diffusant concentration both on segments
of the specimen subjected to the action of the dlscharge and on segments protected by a shield or a shielding
layer (see Fig, 4, zones A and B), and also made a comparison with the change in the concentration in a
vacuum furnace at the same temperature and for the same length of time, The temperature was monitored .
with an optical pyrometer and a W — Re thermocouple. The distribution of the tungsten concentration in the
molybdenum was determined by x~ray spectral microanalysis (Fig. 5). For the other materials the method
used was microautoradiography. The diffusion coefficients were calculated by the familiar techniques [3-5].

It follows from the data in Table 1 that for the Mo — W pair the interdiffusion coefficient D at high dif-
fusant concentration (~50%) is practically the same for treatment in a glow discharge and in vacuum-furnace
annealing. At a low diffusant concentration (= 3%) glow-discharge treatment increases D roughly tenfold in
comparison with the values obtained for.shielded specimens and specimens heated in the vacuum furnace,

For diffusion pairs in which mass transfer was studied by the tagged-atom method (Mo — UO,, Mo ~
Pm,03, SiC - 'C, SiC - Pm,0,) the values of a®-Dgjg] (Where a is the diameter of the dislocation tube, Dgis]
is the coefficient of diffusion over the dislocations) for the open segments are 10 to 10% times those for the
shielded parts. This attests to the intensification of mass transfer over the dislocations with continuous gener-
ation of structural defects in the discharge plasma, as already noted earlier [6]. The observed absence of

Lw

5 w0 1 W 25 Xum

Fig. 5. Distribution of diffusant concentration
in matrix: 1) after treatment in glow discharge;
2} after annealing in vacuum furnace,
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TABLE 1. Diffusion Coefficients in Pairs Mo—W, Mo — Pm,0;, Mo — UO,, SiC - M4C, SiC-

Pnl203.
= . Diffusion coeff.
— - - ” T -
g -] .9_ o g S . “ Heating in discharge Heating in vacuum furnace
gl 8| |58 |5 (858 2,0 1o T — o .
ElE |5 |al528:|8% |E88 |S8| 7 |Pr loDaw | 5 . [Dy [2Dam
=1 aglg l8l88slAas |s8E |§R _
o] siogle | (4 1881400
Mo | W | 1600 | Hy | 6,2.1017 | 3,3-1023 crystal {AN 6.0-10-13| 4,0-10-14
B+ | 4.0-10-14
Single A |1.4-10-10 7 2.2-1V0'll
Mo | Pm20Os| 1700 | Hp | 6,2-1017 | 2,2. 1023 Po:gcrystal A |84 10-11 3,2.10-11
‘ - ’ A 2,8-10-18)4,6.10-18
Mo | U0y | 1600 | Hz | 6,2-1017 | 1,1 1024 sc“‘r){i‘tjl B 2,7.10-13 ] 4.6- 10-20 £.10-14 {1,0-10-10
] A 3,3-10-114,0:10-15
SIC| 14C | 1450 | He | 8,4-1017 | 1,5. 1023 Single { A 2,2.10-10 [ 0,6- 10-15 No interaction
. crystal B ]4.2-10-1119,0.10"15 i
o ) A 2,8- 10710} 1,0-10"16
" SIC | PmgOs| 1450 | He | 1,3-t018 | 4,5.3022 Stngle {A 3,9-1071013,6-10716 | Ng jnteraction -
crystal B 3,5-107101 4,8-10720 f

*The values of D and Djgp are given in cm?/ sec: adeisl' in em*/sec; A, zone subjected to ion bombardment; B,
shielded zone; + and ++, for tungsten concentration of ~ 50 and < 3%, respectively.

any apprecmble variations in the volume diffusion is in accord with existing ideas concerning the effect of ir-
radxatlon on diffusion processes [7 8].
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DIAGNOSTICS OF STATE OF BOR-60 REACTOR BY
 CALCULATION OF REACTIVITY BALANCE

V. A. Afanas'ev, V. M, Gryazev,* ‘ . UDC 621,039,514
V. N, Efimov, B. V. Kebadze, : .
N. V. Krasnoyarov, and V. ‘A, Kachalin .

Registration of anomalous effects by calculation of the reactivity balance (¢.r.b.), which is one of the
most effective methods in the diagnostics of the state of a reactor (1], is based on solving the equation of re-
activity balance for the anomalous reactivity py:

Pa= pl(*’ Pe+ Pr+Pp

t

where pk is the total reactor reactivity found by solvmg the equation of point kmetlcs Pes effect of reactivity
caused by variations in the reactor parameters; pr, reactivity due to displacements of the control and safety
rods, and pp, reactivity due to fuel burnup and swelling.

If it is borne in mind that calculations now performed in the design stage’ in the development of fast
reactors are carried out with insufficient accuracy owing to the indeterminacy of many constants and mecha-
nisms of the behavior of reactor components [2], then appreciable errors are involved when the reactivity
balance is calculated by using the results of design calculations. : :

Experimental investigations on the BOR-60 reactor revealed that by using the integrated reactor param-
eters, measured by technological monitoring plckups, one can with relatively simple algorithms identify re-
act1v1ty effects with sufficient accuracy and construct a c.r.b. system on this basis,

In particular, for BOR-60 operation with 20-30% deviation of the parameters, we obtained the following
' expressions [3]: .

& .

Pe ‘2 Pi TiPi=p;—p1 )

=1 .
where p= {(aN + kHN/G)kDN/G)(1 - ky —-k)bN/Cllke tin) ke tin)} T is a five-dimensional vector with compo-
nents jj of the steady-state (asymptotic) values of the component resistivity effects associated with the thermal
expansions of the reactor core, the lateral shield, the rods of the control and safety system (CSS), and the base

5 plate of the reactor; p = (p; . p5)T, vector of the dynamic values of the component reactivity effects; 1 =

(ry .. 15) , vector of time constants- a, b, ky, ky, empirical coefficients dividing the power reactivity coeffi-
“cient (apr/aN) into various components; k¢ and kt,, "fast" and "slow" components of the temperature react1v1ty

Deceased
hy tin G N
1T, | |ITe ITg | |17y R | [Int
Ccu Comp : Rec

Fig. 1. Simplified block diagram of c.r.b. system
of BOR-60 reactor,

Translated from Atomnaya Energiya, Vol. 48, No. 2, pp. 100-101, February, 1980. Original article
submitted September 11, 1978; revision submitted April 23, 1979,
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Fig. 2. Variation of output signal of c.r.b. system a) when an artificial anomalous re-
 activity is'introduced into the reactor; b) when sodium boils up in the fuel assembly of
the reactor.

Fig. 3. Anomalous changes in reactivity of BOR-60: a) when absorption rod is damaged
b) when one rod is displaced in weakened grip.

effect (8p;/0tiy); and N, G, and t,, the power, coolant flow rate, and coolant temperature at the reactor in— .
put. ' ’ o : ' '

The dependence of the efficiency of four CSS rods on their positions h1 is approximated by fifth-order
polynomials., Then , .

\

5 T
2 kijhz'-
i i=0

‘ &M»’

The effect of fuel burnup and swelling is

Py= S kbN dr,
0

where ky, is the rate of decrease of the reactivity margin during the operating run [4]. The expression for pj
is the algorithm of an analog computer, i.e., a reactimeter. :

In accordance with these algorithms, a system (Fig. 1) was realized for the BOR-60 reactor; this sys-
tem contained input transducers with filters (IT), a reactimeter (R), an integrator (Int), an analog — digital
computer (Comp) simulating the reactivity components and calculating the correspondmg balance, a control
unit (CU), and a recorder (Rec), Sensitivity to the appearance of anomalies should be one of the main param-
eters of such a system from the point of view of diagnostics. Analysis of the effect of the pickup errors, as
well as the statistical errors due to the uncorrelated fluctuations of the pickup parameters and signals [5], on
the sensmvxty of the system demonstrated that it was possible to reliabily record anomalies eqmvalent to
(1-2) 1073 Ak/k. This is confirmed by an experiment with the introduction of a reactivity of ~2-107% Ak/k
in 0.3 sec as well as an experiment with local sodium boiling in the reactor core (Fig. 2).
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"The empirical coefficients appearing in the algorithm change with time, in view of which they should be
‘periodically verified and corrected (roughly 2-3 times a month in the case of the BOR-60) in order to ensure
‘the necessary sensitivity and accuracy of the system. During the reactor operation, calculating the reactivity
‘balance allowed certain real anomalous effects to be recorded (Fig. 3). The results obtained indicate the high
. efficiency and sensitivity of the c.r.b. system under conditions characteristic of fast power reactors, which
- . warrant the recommendation that such systems be developed for those reactors; in the first stage of operatlon,

- . the system described here, with appropnate algorlthms could be taken as a basis.
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SECONDARY SWELLING OF GRAPHIT'E

Yu. S, Virgil'ev, I. P. Kalyagina, S LT UDC 621,039.532.21
E. I. Kurolenkin, and V. G. Makarchenko‘\ E

As is well known, irradiation at T > 450°C with a fluence > 102 neutrons/cm causes secondary growth
“or swelling of graphite with the formation of vacancy pores and mlcrocracks [1].

Since compensation for the changes in the volume by ex1st1ng pores is rapldly exhausted because of the
high rate of crystallite growth, it can be assumed that irradiation at room temperature also results in second-
-ary swelling of graphite, but a substantially lower fluence. As verification, we irradiated two series of speci-
" mens of GMZ graphite to a fluence of (2-3) -10% and 8- 10*! neutrons/¢m? and then measured their properties
. (Table 1), : :

} It is seen from Table 1 that the increment in the lattice constant ¢ did not exceed 1% in the case of speci- . v
- mens of the first series but reached 8-10% in highly irradiated specimens of the second series, which is m

TABLE 1, Properties of Specimens before
and after Irradiation at 130-170°C

- |Before After irradiation
Characteristic  |imadi-

ation |F=(2-3;-10% ]F=8.10%!
neutrons/cm? | neutrons/cm®

Rel.change in 0 0’5/0'5 * 1,2/4,0 ‘
length, o1,
Electrlcalresgsti- 12/14 33/44 32/39
vity, o - mm?%/m

(10 0 +m)
Modulus of elastic- 10,7/0,6 2,416 | 2,51,6
ity, 10°%kg/cm*®

10w p '

{gtfiie conta)ntc 6,742 6,808 7,760
A (1071 m)

*Numerator, data for specimens cut parallel to extru-
sion axis; denominator, data for specimens cut: per-
pendicular to that axis.

_ Translated from Atomnaya f)nergiya, Vol, 48, No, 2, pp. 102-103, February} 1980. Original article
submitted November 20, 1978,
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accordance with earlier data [2]. The increase in the length of the 1ow-irradiated specimens of the first

TABLE 2. Change in Length of Specimens as
Result of Additional Irradiation at 70°C, %

Direction of] After prior | After additional irradia-
- ] cut of speci{ irradiation. 'tmtg* with ﬂuencze of
Series | mens rela- | at 130- "10?" neutroms/em?
tive.to ex- | 170°C,% 575 T 5.5 [ 115 18,5
trusion axis
First 1 0,5 | 1,701 1 2.6() 2,60
o 4 0,5 3,30 | 4,151 3,80{5,90
sec- | - 1,2 0,201 0,35 | 0,901 —
ond 1 4,0 10,70 1,20 | 2,801 —

'Avefaged values for several specimens, The size of
the preirradiated specimenswas taken for the initial
value. | . .

series did not reach the "saturation® stage. The increment in length of the parallel specimens of the second
series, cut parallel to the extrusion axis, 'somewhat exceeded values corresponding to the saturation stage for
this grade of graphite at the temperature indicated. Notwithstanding the large increment in the length of the
specimens cut perpendicular to the extrusion axis, the values of the electrical resistivity and the modulus of
elasticity of these specimens, as well as those of the specimens of the first series, correspond to the satura-
tion stage characteristic of the given graphite.

To a_mplify the effect observed, the irradiation of the specimens studied was continued at a lower tem-
perature of 70°C with a fluence of up to 18.5- 10% neutrons/cm?, In the course of long irradiation the length

of low-irradiated specimens of the first series increased at a rate characteristic of GMZ graphite not sub-

Jected to previous irradiation. The saturation stage occurred when a fluence of ~ 8.5-10% neutrons/cm? was

reached, and the corresponding increment in length proved to be higher than in specimens not subjected to

prior irradiation, With an additional fluence above 11.5-10% neutrons/cm? specimens were found to experi-
ence secondary swelling (Table 2) which was accompanied by a sharp increase in the electrical resistivity to
115-107%Q -m and to 140-10"¢ @ ‘m, respectively, in specimens cut parallel and perpendicular to the extru-

sion axis.
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Fig. 1. Fluence-dependence of change‘in length of
speciméns cut parallel (a) and perpendicular k) to
extrusion axis: O) initial irradiation at 130-170°C;
@) subsequent irradiation at 70°C; — — —)data for
GMZ graphite at temperatures indicated, obtained

earlier
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Fig. 2. ‘Fluence Fypang, corresponding to onset
of secondary swelling of graphite (1) and reduced
velocity of steady-state radiation creep (2) [3] vs
irradiation temperature: shaded strip constructed
accordingto dataof [3]; O correspondsto Ftrans

of Fig. 1..

) The specimens were covered with a dense network of macrocracks When x-ray analyses were made
the diffraction maxima proved to be completely diffused. The general increment in the length after prior and

:'7-, additional irradiation reached 3, 6 (Fig. 1a) and 6.5% (Fig. 2b). According to Table 2, with additional irradia-

-tion the highly irradiated specimens (second series) grow at a substantially slower rate than do the low-irra-

- diation specimens (first series). It is seen from Fig. 1 that the value of the fluence (Fypang) corresponding to

- the onset of intensive swelling (given all the arbitrariness of this characteristic) increases as the 1rrad1at10n
o .temperature rises.

Usmg data on h1gh-temperature irradiation [3] and the data obtained in the present paper, we can con-
struct the temperature dependence of Fipang (Fig. 2). The curve proves to be the asymbatic curve of the tem-
perature dependence for the reduced rate vpeq of steady-state radiation creep [3]. Eliminating temperature in
Flg 2, we have : ‘

Firans=A4vzed s | _ (1
and when the well-known relation (4]
Co | v B (Se—Bapr,
L is 1ta‘ken_'vinto account we have
S ' Fypane=C (Se—8ay0s, - (2)

. ',wher'e' ‘A, B, and C are constants; éc and éa, growth rates of crystallographic regioris along ¢ and a axes, -

The difference Sc - S between the growth rates decreases exponentlally with a rise in temperature and,
_ therefore mechanical mteractlon between growing crystallographic regions will begin at all higher values of
- -the fluence. At a temperature above 300-350°C, however, this difference practically becomes constant ‘and in

. view of this Fitrans should not increase. To explain the descending branch of the curve f in Fig. 2 let us note

" that above 400°C radiation-induced vacancies experience considerable mobility. Separation of vacancies from

_ - the graphite matrix which they supersaturated and their subsequent coagulation into vacancy micropores with

the latter joining up into microcracks form the basis of the mechanism proposed in {1] for secondary swelling
. of graphite under high-temperature irradiation. The rates of the interrelated processes mentioned above in-

crease with the irradiation temperature (in any case, up to 1000-1100°C) after which the value of Fipang
i_'dummshes .
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"POLESKOP'" PHYSICAL-FIELD INDICATOR

G. N. Aleksakov and G. P. Terekhov . ‘ : UDC 681.518:53,083.94

Experience from the operation of RBMK uranium ~ graphite channel-type reactors has shown that with
the same structural dimensions the power of such reactors can be pushed up considerably without risk of a
transition to the region of critical thermal loads, this being the case because of operational optimization of
the energy distribution [1]. One way of solving this problem is that of improving devices for displaying the
energy distribution or neutron distribution. On the one hand, these devices should provide the operator with
a fuller overall picture of the distribution, while on the other hand they should 51mp11fy the ‘choice of concrete
local control actions. :

The RBMK is equipped with a well-developed system of pickups for in-core monitoring. However, the
electrical signal from each of these pickups gives. information about the value of the monitored parameter at
the site of the pickup and, therefore, for a more general picture of the energy distribution the information
system should perform two functions: reproduce (reconstruct) the continuous energy distribution from sam-
ple-signals from a finite number of pickups and display the resulting energy distribution in a convenient form
for perception by the operator. These operations should be carried out quite rapidly so that the operator would
have time to make a decision as to the choice of corrective actions and to execute them.

The problem of reconstructing a sufficiently smooth energy distribution g(x; y), prescribed by samples '
of values of the monitored parameter at points g(x, y)i, is solved in the general case [2] by approximating the
continuous function g(x, y) by a series:

] . '
glm =g )= D) g% yidalz y) 1)
' i=1

where aj(x; y) are filtration functions reflecting the interrelationship between the energy distribution at the
point (x; y) and the sample g(x; y); at each point where a pickup is located. If the energy-distribution pickups -
are arrayed at the nodes of a lattice with square cells and are in identical conditions, then the filtration func-
tions are the same and are determined by the position of the point (x; y) relative to the point (x; y)l at which the
pickup is located: .

@i (@ y=al(5 y)—(z; ). o (2

In this case, series (1) becomes

] .
g (z; y)="$‘ gz Miallz v)— (= p)il- ’ (3),

A

Fig. 1. Realization of method of reconstruction
~of two-dimensional physical fields: P) pickup;
L) lamp; shaded area) screen.

Translated from Atomnaya énergiya, Vol. 48, No. 2, pp. 103-105, February, 1980. Original article
submitted January 18, 1979,
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Fig. 2, Fxltratlon function E(p; h)h2 for:
1)h=1; 2)h=2,

... The energy distribution according to Eqs. (1) or. (3) can be reconstructed by both digital and analog com-
'puters and the results aré shown on a visual display or conveyed to the operator in the form of a sequence of
tables of numerical values of the energy distribution.

Optical simulation allows the operations of reconstructing the energy distribution from samples and dis-

. 'playmg the result to be combined in the form of a light field whose illumination distribution corresponds to the

- distribution of the values of the monitored physical parameter. For this purpose signals from the pickup

(Fig.-1) are transmitted through matching amplifiers (A) to control the brightness of light sources arranged in’

- a plane in the same manner as the pickups in the plane of the reactor. A field of illumination is obtained on a
screen set up parallel to the plane of the light sources. If the dependence of the illumination produced by each
light ‘source g(x; y); corresponds to a filtration function ailx; y), then the illumination of each point of the screen

_is determined by Eq. (1). Thus, the illumination of the screen images the distribution of the monitored param-
eter.

» Optical means can be used to obtain any form of filtration functions ej{x; y). As in the case of other
,methods of reconstructing the distribution, the solution of the problem is simplified for a regular grid of pick-
"up's>whlch are in identical conditions. In this case, in accordance with Eq. (3) the form of the filtration func-
tions is the same for all samples. Constructionally, it is simplest to make the characteristic of the light
‘sotirce approximate a point source for which the dependence of the illumination E on the distance h to the screen
and the radius vector p from the projection of the source on the screen to the point (x; y) on the screen is given
by : I

E @i =T o . @
Whére Iis the intensity of the light source,

Equation (2) can be rewritten as

I 1 1 1 ‘ B
E(p; h)=m T T R T .- (5)
(1 + _Z_i_ ) (a+r?) . .
where r = p/h is the relative distance of the point (x; y) from the projection of the source, The section of this
function by the plane passing through the projection of the source is shown in Fig, 2. By varying the distance
h we can regular the "sharpness of filtration" of the function E}(p, h) for h = par. This choice makes it pos-.
sible to minimize the error of the reconstruction of the distribution '

R(z y)=g (@ y)—g° (& §) . ' - (8)
for any reasonable functions g(x; y). Numerically, the magnitude of the error can be estimated with

R2 (z; y)dxdy
A L SyES (7)
TN g ydzdy
x;, ye8
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Fig. 3. Screen with grid of markers for one
distribution.

or
§ R pldeay
Amod = X, u;s , (8)

) gz y)dzdy
a, yesS

where the integrals are taken over the entire monitored region S.

Calculations and experiments show that minimization of the error of reconstruction is attained for m =
a/h = 0.7 (ais the pitch of the grid of point sources of light), With such a relative pitch the filtration functions
of the point sources are "sufflclently smooth" for the equalized energy distribution not to have any visibie non-
uniformities in the illumination while at the same time being sharp enough for reliably recording, e.g., dips
in the distribution corresponding to the disconnection of one of the lamps.

The human eye makes a good distinction between the illumination of neighboring segments with a clearly
expressed boundary. The sensitivity threshold under these conditions is 0.2-0.5%, depending on the level of
illumination. To utilize this feature of vision, a grid of markers is combined with the screen; the markers
have the same brightness which can be regulated simultaneously within the limits 0-100% relative to the maxi-

mum brightness of the screen. The markers are placed at points corresponding to the positions of the control
rods (Fig. 3).

The brightness of the markers characterizes the monitored parameter. If the value of the parameter is
below the nominal level, the markers are bright against a dark background and if the value of the parameter is
higher than the nominal, they are dark against a brighf background, whereas in the zone with nominal distri-
bution the markers disappear. The algorithm for the actions of the operator in forming the specified energy
distribution consists in moving the control rods in. such a way as to cause all markers to disappear.

The system of markers can be used to measure the monitored parameter at a concrete point in the reac-
tor. In this case, the brightness of the markers is adjusted until the marker at the given point disappears.
The monitored parameter is measured by the value of the electrical signal controlling the marker brightness.
The sensitivity of this method of measurement is no less than 0.5% and the accuracy is determined by the
errors of reconstruction of the distribution, measurement of the electrical 51g'nal and calibration of the elec-
trical signal in units of the monitored parameter.

The Poleskop physical-field indicator can find application in physical experiments and in systems of
manual and semiautomatic control of various objects with distributed parameters. The formulation of this
problem was thé result of discussions on the problems of control of the energy distribution in reactors with
a number of workers of Scientific-Research and Design Institute of Power Engineering (NIKIET). The atten-
tion and support of I. Ya. Emel'yanov were conducive to the development of the work. The authors are indebted
also to Ya, V. Shevelev for his support and invaluable comments.
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‘RADIATION STABILITY OF :
PHOSPHORUS-CONTAINING CATIONITES

S. B. Makarova, A. V. Smirnov, o , | UDC 541.15
A, S, Telegin, N. V. Bychkov, L
and B, S, Roginskaya

The radiation stability of phosphorus-containing (phosphonic) cationites is inadequate for their use in
sorption of radioactive elements [1]. In the present paper, phosphonic (KRF) and methylene phosphomc
(KRMF) cationites based on copolymers of styrene with 2 and 5% divinyl benzene are used as an example to -
study the effect of the productlon technology and structure of phosphorus-containing catmmtes and their radia-
tion stability.

KRF cationites were obtained by phosphorylation of copolymers of phosphorus trichloride in the presence
of anhydrous aluminum chloride with subsequent hydrolysis and oxidation with 25% nitric acid or 20% hydrogen
peroxide (2] while KRMF was obtained by phosphorylation of chloromethylate copolymers with phosphorus tri-
chloride with subsequent hydrolysis (Fig. 1).

Specimens of cationites were irradiated under a layer of water in a %9Co source in the range 200-1200
Mrad. The irradiated cationite was washed to remove destruction products with no less than 5 volumes of
water and the volume of. the cationite was recorded before and after irradiation. After condltlonmg in the
Na®-H" cycle, the exchange volume was determined with respect to 0.1 N NaOH. Potentiometric titration of
the cationites in the H-form was carried out by the method of separate weighed portions, while the pH of the
equilibrium solutions was measured on a pH-262 instrument (weighed portion of 0,3 g, total volume of 0.1 N
NaOH and NaCl was 50 ml). The IR spectra were recorded with a double-beam UR-20 spectrometer. Speci-
mens were prepared by pressing 2 mg of cationite with 150 mg of anhydrous potassium bromide. Thermo-
gravimetric curves were obtained on a deviatograph of the OD-101 deviatograph in a nitrogen atmosphere at
a heating rate of 6 deg/min.

It was found that the cationites KRF-2p and KRF-5p have the lowest radiation stability; nitric acid had
been used in the oxidation stage in obtaining these cationites. At a dose of 500 Mrad the cationite KRF-2p
completely breaks down, while KRF-5p does so at a dose of 1200 Mrad. A substantially higher stability is
displayed by KRMF cationites and by cationite KRF-5p which was obtained by using hydrogen peroxide as an
oxidant (see Table 1).

The low radiation stability of KRF cationites is evidently due to their treatment with nitric acid: When
the acid is replaced with a softer oxidant the stability of KRF phosphonic cationites increases considerably,
although it still remains lower than that of KRMF. The enhanced stability of the latter is probabiy due to the

~CH —(CHp ~ ~ CH —CH, ~
~0 /0
CHp — P —0H P —0OH
T N oH
a . b

Fig. 1. Structure of elementary monomer unit
of: a) KRMF; b) KRF cationites.

Translated from Atomnaya Energiya, Vol. 48, No. 2, pp. 105-108, February, 1980. Original article
submitted January 24, 1979.
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TABLI:'_:“I. Variation of Physicochemical
Parameters of Cationites in H -Form as
Functions of Irradiation Dose

Irradia= |[Vol.of |Capacity|Phos- [Loss of

Catio- - ) mg-equ/| phorus 088 0
Aite tondose, specimer, of Econtent capacity

; Mrad  |m1 initial | profinitial

KRMF-2p 0 20,0 3,1 9,5 T -

200 19,0 3,08 — 0,6

500 18,0 2,84 — 8,4

800 17,5 2,76 — 11,0

1200 17,3 2,72 — 12,3

KRMF-5p 0 20,0 3,18 8,5 —

: 800 17,9 2,80 - 12,0
1200 17,8 2,70 — | 151 -

KRF-5p 0 15,0 | 4,2 12,7 |+ —

800 13,3 3,57 — 16,2

1200 12,7 3,03 — 28,9

fact that there is no oxidation treatment in their technology since because of their structure (methylene bridge

between aromatic ring and phosphonic group) they should have a lower radiation stability [3].

In the IR spectra of KRMF cationites the most characteristic absorption bands (in the region of 1205 and
1020 cm™!) are conserved without change and no new bands are observed, The curves from potentiometric
titration of the original and irradiated cationites are identical (pKa1 = 3.24, pK,, = 8.07). The thermogravi-
metric data for KRMF cationites irradiated with doses of 500 and 1200 Mrad coincide up to 420°C. At 500°C
the loss of mass by a cationite irradiated with a dose of 1200 Mrad is 10% higher than at 500 Mrad, which is
indicative of a great breakup of the skeleton at high irradiation doses.
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ANALYSIS OF THE COMPOSITION OF A MIXTURE OF
249Kk + 49Cf ON THE BASIS OF X RAYS |

G. V. Buklanov and Yu. P. Kharitonov : v‘ D UDC 543.422.8.002.5

~ In studies on the synthesis of transfermium elements and the investigation of their properties [1] 2°Bk
and *3Cf are often used as targets for irradiation with heavy ions; °Bk is a relatively short-lived 8 emitter,
and the daughter product %3Cf accumulates rapidly in it. When these nuclides are separated and purified and
the targets are prepared, the monitoring of the absolute and relative concentrations is complicated by the fact
that “°Cf has a specific a activity 1.6-10%times as high and a y activity 8- 103 times as high as 2’Bk. There-
fore, an admixture of as little as 10-15% Cfinthe Bk makesitpractically impossible to determine the berkelium
from the o radiation, and the situation is even worse for the y radiation. :

The principal methods for the determination of “°Bk are the measurement of its B activity (2] and that of
the accumulation of the o activity of the daughter product Cf in a Bk specimen [3]. Both methods require the
preparation of thin specimens for measurements. In addition, the measurements by the second method take a
long time (3-5 days). :

However, during the o and g decay of transuranium elements at low excited levels (30-50 keV) of daughter
nuclei through the conversion of ¥ radiation there usually arises a fairly intensive characteristic L-type

Translated from Atomnaya ﬁnergiya, Vol. 48, No. 2, pp. 106-108, February, 1980, Original article
submitted January 30, 1979, .
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- x radiation. The energy of the L series of elements with Z = 95-100 is 15-25 keV; elements with neighboring

values of Z are separated by a "gap" of 340-360 eV with respect to the L, lines and 500-620 eV with respect
.. to the Lg lines. Under these conditions the use of a semiconductor spectrometer may be very effective. It
is known that x-ray spectrometry has been used for identifying extremely small quantities of transuranium
elements by a-Lx coincidence {4]. '

 Using a silicon spectrometer with a resolution of ~170 eV (for E = 5.9 keV) and ~ 300 eV (for E = 26.4
© keV) [5], Zubareva et al. studied the possibility of using x-ray spectrometry to analyze a mixture of Bk +
249

Cf.

Preparation of a #’Bk Reference Source. For quantitative measurements a reference source of Bk
was preared; the 3Bk and the accumulated daughter product #0f were separated by the method of extraction
chromatography in a D2EGFK system (polyethylene —nitric acid with prior oxidation of the berkelum to the
tetravalent state with potassium bromate) [6]. In one extraction-chromatographic cycle the Cf content of the
Bk fraction was reduced below 0.1%. The Bk yield by this method was usually ~97%. After carefully remov-
ing the Cf and ballast impurities from the Bk, a quantity of nitric acid solution of Bk was applied to a glass
backing and dried under an infrared lamp. The quality of the resulting source was good enough to obtain [with
an Si(Au) detector) “%Bk and #°Cf o spectra with a resolution of ~ 25 keV and with a number of counts in the
low-energy "tail" that amounted to no more than 1% of the principal peak. o ‘

To determine the initial quantity of *®Bk in the reference source, for 7 days after its preparation we

" made periodic measurements (14 times) of the absolute o activity of the U9k and the increasing a activity of

the #30f, as well as of the activity ratio R = Aqg/Agy. Within the limits of the measurement time X gt £
0.015, and therefore we can write with sufficient accuracy: ' :

Act ()= Npx 0) 7~Bk7~Cf0¢+Ncié05 Aot 1)
_ Mt oy Mer (O t _
RO=Zp " W Agkemk ' @

Whére t is the time elapsed after the purification of the Bk; Np(0), initial number of Bk nuclei; Ncf(0),
amount of Cf remaining in the Bk after purification; apy, fraction of 98Kk nuclei decaying by a radiation;
ABk, decay constant of *°Bk. ’

.The values of the parameter ok given in [7] differ by more than 50%, and therefore we determined it
 independently in our measurements,

s From the experimental values of A¢ and R, using the method of least squares, we found the best values
" of the slopes of the lines (1) and (2), and from these we determined the initial amount of Bk in the source:

. mpgg = 1,05+ 0,06 ug and api #°Bk = (1.48 £ 0.10) - 10~°, which practically coincides with the result agi=(1.45%

0.08) - 107% obtained by Milsted et al. [3]. From the measured absolute o activity of 298k and the value obtained
. for apk, we again obtained the initial amount of Bk: mpk = 1,02+ 0.08 pg. In the calculation it was assumed
- that the half-lives of %*°Bk and °Cf are 314 days [3] and 366 years [8], respectively.

L . X-Ray Yield in the Decay of ’Bk and U9Cf. In the decay of #%Bk and %#%Cf, X rays may be emitted by .
" three elements: Am Lx as a result of the @ decay of Bk, Cm Lx from the o decay of Cf, and Cf L from the
" B decay of 9Bk if it goes to excited levels. We may expect the yield of the Am Lx series to be small in com-~
~ parison with the Cm Ly because the a activity of 2498k is only 1/160 that of #°Cf." Concerning the 8 decay of
: _meBk ‘we know only that in 99% of the cases it goes to the ground state of M¢f and the fraction of g + v coin-
. cides <1% [7]. However, direct measurement (without coincidences) of the x-ray spectrum of the Bk + Cf mix-
ture showed that in addition to L series of Cm it also contains an L series of Cf with a comparable yield (see
. . Fig. la). '

- Figure 1 shows the spectrum of the reference source 128 days after it was prepared (a). The amounts
of Bk and Cf in the specimen at this time were 0.78 and 0.25 ug, respectively. As was to be expected, the
yield of the Am L series is insufficient for observation. '

The presence of the L series of Cf in the spectrum cannot be explained by self-excitation of the Cf as a
result of o activity: in a specimen of the Cf fraction from which the Bk has been removed, we do not observe
any Cf line (see Fig. 1b). Moreover, in the case of self-excitation by both @ and g8 particles, the spectrum of

} , the reference source should, in addition to the L series of Cf, also contain the L series of Bk, of which there

is 3 times as much in the specimen as there is of Cf. We cannot exclude the possibility that the effects of
self-excitation may appear when we work with amounts >»>1 ug, since when the amount of a substance is in-
creased by a factor of n, the fluorescence yield due to self-excitation increases by a factor of n? (the power of
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Fig. 1. a) X-ray spectra of reference source contain-
ing 0.78 ug of #*Bk and 0.25 ug.of #%Cf at the time of

measurement; b) the californium fraction after the
separation of berkelium, ' ‘

the exciting source becomes n times as great, and so does the number of excited nuclei). This possibility of
the excitation of fluorescence in the source is indicated by the presence in the spectrum of the Cf fraction (see
Fig. 1b) of the K series of bromine, which was present in the oxidizer when the Bk and Cf were separated.
When the Bk content of the specimen was <1 ug (the measurements were made with specimens weighing 0.3-
1.0 ug), a proportionality is observed between the amount of 9Bk and the Lx radiation of Cf.

Thus, we can conclude that the L series of Cf in the spectrum of the mixture of #°Bk + #°Cf appears as -
a result of 8 decay of #°Bk, and in this case the Cf L lines can be used for relative and absolute measurements
of the #%Bk, '

From the spectra in Fig, 1 it can be seen that the Cm Ly, CfL,, and Cf LB lines are most suitable for
analysis. The yields of these lines per disintegration, on the basis of a number of specimens with known Bk
and Cf content, were for Bk, w(Cf L) = (5.5+1.10) -10~° (8 disintegration)™!; w(Cf Lg) = (2.7£0.7) -107°
(8 disintegration)™!; for Cf, w(Cm Ly) = (5.3+1.1) - 102 (8 disintegration)™!,

The errors in the given values of w resulted from the large error in the determination of the absolute
efficiency of the spectrometer because there were no well-calibrated sources for energies of 10-30 keV. The
relative intensity of the count of the Cf L, and Cm L, lines in the spectrum of the reference specimen is inde-
pendent of the efficiency of the spectrometer and of the initial amount of Bk:

N(CiLg) _ exp(—Apxt) Apkx ©(CiLy) ' (3)
N(CmLg)  T—exp(—Apxl) Aot ©(Cm Loy

Therefore, the ratio w(Cf Lg)/w(Cm L) can be determined with better accuracy. According to our
measurements, it is (1.03 0.05) 1073, This means that for equal amounts of #*Bk and %°Cf in the mixture
the ratio of the intensities of the corresponding L, lines is 0.44 + 0.02. '

Limits of Detection of an Admixture of #%Bk in #°Cf. After experimentally determining the counting rate
of the analytic line of Bk, I f(Cf Ly) = 2.1.10% counts/min - ug Bk, and the background counting rate in the
region of this line in the spectrum of the Cf fraction, Iy = 2.2 - 102 counts/min -ug Cf, we can estimate the limit
of detection of *Bk and %3Cf. To do this, we make use of the generally accepted criterion Ng ¢ = 3VN,. After
some simple transformations, we obtain ’
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(mBk) _ 3V Ief ~_210f
mcs /min Ib (Cf Lg) Vmcft - l/;(;r—t ’

where mgy is the amount of M3¢f. in which the Bk is determined, in micrograms; t is the measurement time,
in min. Thus, for a measurement time of ~ 5 min, the detection threshold of *°Bk in 1 ug of 3Cf is ~ 0.01 pg.
It should be emphasized that the estimate obtained is valid for specific measurement conditions: the resolution
of the spectrometer for the Ly lines of Cm and Cf is ~0.01 pg. It should be emphasized that the estimate ob-
tained is valid for specific measurement conditions: the resolution of the spectrometer for the Ly lines of Cm
and Cf is ~ 300 eV, and the absolute efficiency is ~1%. '

Conclusion. The results of the study enable us to conclude the following: the g decay of 49K is accom- .
- “panied by an L series of x rays from the daughter product Cf. The yield of this radiation is low: w(Lg + Lg +
Ly) ~ 107! (8 disintegration)”!, but because of the high specific g activity of #9Bk, 1 pg of this isotope emits
~3.7-10° x-ray quanta per minute. This enables us to detect a fairly small amount of Bk (~ 0.01 ug) on the

" basis of x rays in a period of 5-10 min. The rapid accumulation of the daughter product 3¢t does not inter-
fere with the determination of the Bk on the basis of x rays. Even when the mixture contains equal numbers
of Bk and Cf nuclei, the ratio of the L, lines corresponding to them is 0,46. Therefore the composition of a
mixture of #?Bk + %3Cf can be determined on the basis of x rays over broad ranges of variation of the relative
concentrations of Bk + Cf, roughly from 0.03 to 80. It is important to note that for relative measurements it
is not necessary to prepare special specimens, since x raj?s with energies of 15-20 keV are not strongly ab-
sorbed in the solution and in the walls of the chemical vessel.

. The authors wish to express their gratitude to G. N, Frelov for formulating the problem; we are grateful
to I, Zvare and V, N, Kosyakov for their guidance and for consultations on the chemical part of the work, and
also to V. A. Druin and V, G. Subbotin for their valuable comments.
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DETERMINATION OF EQUILIBRIUM PARAMETERS OF
SODIUM — OXYGEN — HYDROGEN SYSTEM

Yu. V. Privalov ' : ‘UDC 621.039.534

The development of effective method for removing impurities and monitoring them and an understanding
of corrosion processes in sodium coolant necessitate the study of equilibrium Na — O - H systems. Notwith-
standing the large number of experimental investigations, no computational method has hitherto been presented
for determining the equilibrium parameters of that system.

Analysis of [1-4] shows that the following phases exist in the Na — O — H system: liquid molecular solu-
tion L; based on Na with dissolved NaOH, NaH, and Na,O components, liquid molecular solution L, based on
NaOH with dissolved NaH and Na, 0, solid sediments of NaH and Na,0, solid solutions ¢L; and BL, based on
the o and g modifications of NaOH, and gaseous hydrogen H,. ' :

The following reversible reactions occur among the five components of the system:

2Na4-NaOH = NaH-}-Na,0; 1)
Na+-NaOH 2 1/2H, -} Na 0; 2)
Na- 1/2H, == NaH; | o (3)
NaOH-+-NaH = H,+-Na,0, ) (4)

whose equilibrium constants K(,)l, K?l, K%:; , and K‘Zl, respectively, are related by K?lA: K?I/Kf;; and K?l =

K9!/(Kf;)’. The numerical values of the constants KOl and Kf; calculated from new data on the properties of
the substances, in selecting which we were guided mainly by the recommendations of [5], were approximated
in the temperature range from 371 to 840°K by the functions
' gk =2.687-12805/T—2.389 1g T
Ig K9, = —5.1984-3120/T 4+0.250 Ig T..

In our calculations of K? l, for the standard state of NaOH at T = 592°K we took the state of the supercooled

liquid while for the other components we took the basic standard state. The melting points of Na, NaOH, and
NaH are 371, 592, and 840°K, respectively.

In addition to the reaction constants, for equilibrium ealculations it is necessary to know the activity of
the components; in solutions L; and L, this activity was determined according to the modified Van Laar theory
[6]. Assuming that components with similar molecular volumes have identical coordination numbers in the
liquid state and that the coordination number for all the molecules of the components of the solution is deter-
mined by the solvent, on the basis of that theory we get the following approximate expressions for the activity
of the components in the temperature interval from 371 to 840°K for the solution Ly: :

a4 = z, exp iz, (1 =) w4 29 (1 — ;) o 2l — 3p) wyy — Tazgley — TaTalsy — ZTgT g d/RTY; (5)

ﬂ:l =z exp {[A; + = (1 — XTy) Upy ~ TyTglyy — TyZ4lyy + 23 (1 — ,) ugy + z4(1 — z3) uyy —agzqugg/RT}; (6)

a5 = z5 (Kfs/k) exp - {I—zy23y5 + 29 (1 — 23) gy — g9 — Tyzguyy + 22 (1 — ) tigg — Tyrgtiag + 2o (1 — 23) Uy JJRT);

» (7

18y = (za/sy) exp {[—2iZsths — TiZgitis + 21 (1 — 2,) wyy— Zazqng + 24 (1 — 2,) g + 25 (1 — ) ugs VRT) (8)
and for the solution L,: . .
' o = yiexp flys(1 — y) tag + Vo (1 — ¥2) vos — yay g IRTY; (9)
7 2 = vy (K3/k) oxp {8y — trs + tia (1 — ¥s) as — yabiatiag + U4 (1 — o) us/RTY; (10)

ag = (yifsy) exp {|Ay — Yayslias + ya (1 — yy) sy + y3 (1 — yy) u3,]/R.T}._ (11)

Translated from Atomnaya Energiya, Vol. 48, No. 2, pp. 108-109, February, 1980. Original article
submitted February 22, 1979; revision submitted July 9, 1979.
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Fig. 1. Phase diagram of Na—NaOH at P = 1.2 bar:
1) Ly; 2) Ly + NaH; 3) Ly + Na,0; 4) NaT + NaH +
Na,O; 5) L+ Na,O + NaH; 6) Li+ Ly + Nay,O; 7 Ly+
Loy 8) Lo 9) Nay,O + NaH + aLs; 10) Lj + NayO + Ly
11) Na,O + NaH + 8Ly; 12)L2 + NayO; 13) alg + Na20
14) 8L, + Nay0; 15) aLy; 16) L.

where the subscripts 1, 2, 3, 4 pertain to Na, NaOH, NaH, and Na,0; x(y), molar fraction of the component
in the solution Ll(Lz); k, Sievertz constant for the solution of hydride in sodium, taken according to the equa-
tion logk = —2.183 — 175/T, which the present author obtained by interpreting the experiments of [7, 8]; s,
solubility of the oxides in the sodium, as taken from the equation logs, = 0.318 — 2372/T 91; a5, activity of
the alkali, referred at T = 592°K to the state of the supercooled liquid, and at T = 592°K, just as the activities
ay, ay, and a3 at any values of the temperature, to the basic standard state; and u and A, constants of inter-
action between components, J/mole. Equations (6), (10), and (11), unlike the Van Laar equations, contain an
‘additional term A for components with a molecular volume different from that of the solvent, By solving the
systems of equations relating the measured equilibrium parameters for a number of particular cases of the
Na—O—H system [2-4, 10] and the activities (5)-(10), with allowance for reactions (1)-(4), we found the values
of the constants in Egs. (5)-(11): uy, = 27840; A, = 6660 — 14.492 T; uyy = 26340, uy, = 0; g = -13,040; Ay =
22,110+ 38,165 T; Uy, =17,190; A, = -53,510+16.978 T; uy = 15,600

Thus, all the necessary quantities for calculating the equilibrium parameters of the Na — O —H system
(pressure, phase boundaries, concentration, activity, etc.) have been found by the ordinary methods of
chemical thermodynamics. Comparison of the calculations and practically all published measurements of the
equilibrium parameters [2-4, 11-13] showed that the discrepancies lie within the limits of the error of mea-
surement. This allows the equilibrium concept discussed to be recommended for solving various problems of
sodium technology. Thus, e.g., of great interest for sodium technology RBN as well as for the production of
sodium, sodium hydride, and potassium by alkali exchange, etc., is the Na — NaOH phase diagram published in
part earlier [3, 4] for high NaOH concentrations. A more complete diagram (Fig. 1) was constructed by in-
corporating the data of [4] on the temperature of phase transitions of the solutions oL, and BLo.
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NONSTEADY TEMPERATURE IN NUCLEAR-REACTOR CHANNEL

A. 8. Trofimov and A. V. Sobolev UDC 621.039.517.5

As is well known [1}; in calculating the nonsteady temperature in elements of the active region with defi-
nite relations between the fuel-element and heat-carrier parameters, a quasisteady representation of the tem=
perature distribution over the fuel-element cross section is possible. At the same time, it is necessary to
take into account its distribution over the height. -When the heat-carrier flow rate and the heat-transfer coef-
ficient are variable over time, it is impossible to obtain an analytical solution of this problem. Consider one
of the methods of approximate solution applied to a multilayer rod fuel element and a single-phase heat carrier
[2]. In this case, the thermal processes may be described, in dimensionless form, by the following system of
equatlons. :

[Ricw D=rutd=6nw o= <t '
- (1)
a,‘+ 1318 a,+6(t)u—‘v(1)n(z>qm.0<x. | .

L t=0, u=0=0, =0, 0=9, (%),

where u(r, z) and 9(r, z) are the relative temperatures of the fuel élements and heat carrier, respectively [2];
G(r) = W(r)/W(0), relative heat-carrier flow rate; n(z); relative enérgy-liberation distribution in the channel,
normalized to the mean value; q(r) = [N{r) — N(0)]/N{0), change in reactor powery k, &, §, ¥, factors [2]
which, in the general case, depend on the time when the change in heat-transfer coefficient is taken into
account. : :

For unchanging flow rate G(r), or stepwise change in flow rate, Eq. (1) is solved analytically [2] for any
perturbations of the power q(r) or the input temperature 6.(r). For arbitrary G(r), only an approximate solu-
tion may be obtained. : ’ - : )

Integrating the second relation in Eq. (1) gives the result

61:+G az__q(z) 5 6(1:)q('r') exp[ § 8 (t") d‘t”]x
% dv' +(1—6) 1 () —e (1) 8 (3 2) + S [%’?—I—.-ea (‘;’)]9(1’; 2) exp[— i 8 (" dr”] ar, (2)
0 : S T .

where (1) = kE (7).

To estimate the last term, 6(r'; Z) may be wrxtten in the form of an expansioh in Taylor series in the
vicinity of the point 1" =T

V LO(; ) 0(T; z)+(t’—'f)

a0 gct. Z)"i" v — 1 6635; z)+ .
Substituting this into the integral of Eq. (2) offers the possibility of solving the problem with any degree of
accuracy. To obtain an analytic solution, only the first two terms of the series are retained. This allows the
intégrodifferential Eq. (2) to be transformed to a first-order partlal dlfferentlal equation with variable coeffi-
cients i

v.(T).a—I+G(T)-,,7+m(1)9:li—6(f)+tp(1)ln(Z); (3

where

(=14 S (t—7) (,,—,+e6 ) exp | Sédr ]
0.

Translated from Atomnaya Energxya Vol 48, No. 2, pp. 109 110 February, 1980, Original article
submitted March 12, 1979,
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Fig. 1. Temperature change at reactor outlet with stepwise power change
—) accurate solution; —=— — —) approx1mate solutlon

Fig. 2, Temperature change at reactor outlet with stepwise change in heat-
carrier flow rate (notation as in Fig. 1).

m(t);e— E (%—}-36) exp[; E.{Sdt"J av';
0 : T

¢(1); jg 8q exp‘[—‘ 1S:Sd't"']dt
0 L

» - It is sufficiently simple to solve Eq. (3) by using a Laplace transformatlon over the spatial coordinate z,
: whlch leads to the followmg calculational formula

v

T . ) T

tiG TG tm ., . il"’_d.‘l) - (4)
0(y; 2)= S 1—6+e 4 ( z — S —V'd“f') exP(_j T )dT +’B+(1,)exp(-.,—u ¥ '

where

. The function 7,(r) determines the thermal momentum transfer over the active region due to heat-carrier
motion, taking account of the thermal lag determined by y(r). Setting 0 < z =< 1, the change in heat-carrier
‘temperature 6(r; z) in any cross section over the height of the active region may be determined. Knowing
6(r; z), it is simple to calculate the fuel-element temperature

o t ( . o8 E (5)

] ” ’ o ” ’ 5
wiw D=1 | wex (= | oav)—av— [ 62 oxp (— [ oae)ar
0 v 0 v
It is impossible to estimate the accuracy of the approximate solution in general form. Analysis of the

static relations for the initial and final reactor conditions shows complete identity of the accurate and approxi-
mate models., The quality of the model in dynamic terms was verified by comparing accurate and approximate
solutions with differential stepwise perturbations., The curves in Fig, 1 show the change in temperature at the
outlet of a reactor with the parameters 6 = 0.8462; ¢ = 10,15; 5(z) = 1.2cos 2.05(z — 0.5) for unit power step
q = 1 and unchanging heat-carrier flow rate G=1, ¢ = 0. In Fig. 2, analogous curves are shown for q = 9% =0
and change in the heat-carrier flow rate from G =1 to G = 0.5,

It follows from Eq. (2) that the accuracy of the model is determined mainly by the value of 6: the larger

6, the less the error due to curtailing the series. Analysis shows that Eq. (4) for stepwise perturbations with
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6 > 0.4 gives good accuracy of the calculations: the discrepancy is no more than ~6%. This provides the
basis for recommending the approximate model for practical calculations, which allows the laborious proce-
dure of numerical solution of Eq. (1) to be avoided. The integrals in Eqs. (4) and (5) are sufflclently simple to
calculate on a computer. Graphoanalytic methods may also be used.
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A B-RADIATION SOURCE BASED ON POCLYSTYRENE
CONTAINING TRITIUM

V. M. Gul'ko, E. 1. Knizhnik, UDC 539.124.03:546.11.023:078.046
V. K. Rudishin, and A. 1. Yashchuk ' ' ' :

- .The important advantages of tritium over other radionuclides — low toxicity [1, 2], relatively long half-
life, relatively simple methods of introducing it into compounds [3, 4] — has led to the wide use of tritium
sources [3-5]. The design and characteristics of the usual tritium sources have been discussed in (3, 5]. A~
matter of considerable interest is the use in a source of tritium in a chemically bound state, e.g., in a hydrog-
enous polymer. Such a source will have a more uniform distribution of tritium, small mass, and no brems-
strahlung from the tritium-bearing layer; furthermore, it will be poss1ble to prepare a source of arbltrary
shape. ‘

In the present paper we present the first results of a study of characterlstlc sources of g radiation based
on polystyrene (PS) containing tritium. To prepare the sources, we used PS- 7,8 *H in a benzene solution (6]
with a specific activity of 600 mCi/ml or 682 mCi/g of solution (or 31 Ci/g of polymer) and a PS concentration
of 19 mg/ml. The layer of PS was applied to a molybdenum backing 1.0 mm thick which had a titanium layer
0.8 um thick sprayed onto it. The ionization current of the source was measured by means of an ionization
chamber and a U5-6 electrometric amplifier. The desorption of tritium from the source was determined by
accumulation in a spherical chamber, for 1 h, of the gas emitted by the source, followed by pumping it into the
lonization chamber of a "Biota" radiometer with fixed volume, and measuring the concentration. The thickness
of the PS layer was determined by weighing on a VLM-20M balance.

Table 1 shows the characteristics of a group of six sources; for 6 months after preparation, the ioniza-
tion current remained practically unchanged, It can be seen that the desorption increases with time, and for
sources with a higher current the desorption increases more rapidly. Ev1dently, thls is related to the radioly-
sis of the PS under the action of the characteristic g radiation.

The dose absorbed by the PS was calculated by the formula {4]:
' ’ D'=1.6-10"% NEM-1, _ : (1)

TABLE 1. Characteristics of the Sources

Thickness of [lonization o |Desorption, 10-8Ct fom?. b
PS layer, |current, 10
10-4g/em?® A /em? after 6 months
' preparation | later

No.of
source

U o O
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’ ’
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’ ’
y ’
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Translated from Atomnaya ﬁnergiya, Vol. 48, No. 2, p. 111, February, 1980. Original article submitted
April 12, 1979,
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For a source with a specific activity S = 31 Ci/g the number of disintegration per half-year was N ~
1.8:10. Then for an average f-particle energy of E = 5700 eV and a mass of M = 1 g, the dose amounts to
1640 Mrad. According to the data of [7], the working capacity of the PS should remain practically undiminished
(without taking account of the isotope effect). ’ ' :

The expected degree of decomposition of the PS (K) was-estimated by the formula [4]:
K = {1 — exp [—FESG (—M) 6.44-101 1]} 100%. . (2)

The degree of decomposition of the tritium-bearing PS, taking account of the absorption by the PS of the
characteristic g radiation (F = 1), the half-year period of operation t = 1,57 -107 sec, E = 5700 eV, and S = 31
Ci/g, was 1.7, 8.8, 16.8, 24.1, and 20.8% when the number of irreversibly damaged molecules per 100 eV of
absorbed energy G(—M) was equal to 0.1, 0.5, 1.0, 1.5, and 2.0, respectively.

.. It is expedient to use PS-based sources when the use of the traditional tritium emitters is less effective
or is completely impossible.

Neutralization of Electrostatic Charges. In the neutralization of static electricity it is very important
that the ions should be formed as close as possible to the zone of generation of the electrostatic charges. How-
' ever, it is practically impossible to construct a usual type of tritium source in an arbitrary shape. On the
* other hand, a PS source is technologically convenient and is easily applicable to the surface of various mate-
" rials,” This makes it possible for each specific case to construct a source of the necessary shape and place it
in the immediate vicinity of the spot where the charges will appear, in particular on the surface of machinery
and mechanisms, : ' : :

X-Ray Structural Analysis. In multicompbnent x-ray structural analysis, we require a source of charac-
teristic x-ray emission from which several lines are emitted simuitaneously. If tritium-bearing PS is applied
to a backing which contains the elements being analyzed, then under the action of B particles from the tritium,
the backing will emit characteristic x rays which can pass easily through a thin layers of PS. Such a system
makes it possible to obtain practically any line of any element, and the PS film itself will not have any brems-
~strahlung, so that the background level will be considerably reduced; this is an advantage which distinguishes
such a source from the traditional kind. -

Calibration of g Spectrometers. The method described in [8] makes it possible to prepare polymer trit-
ium sources with a controlled thickness from 5 to 30 ug/cm? with a high degree of uniformity, which are used
. for calibrating g spectrometers. They are distinguished by a relatively high and stable yield of g particles and
- by satisfactory radiation safety. '

_ _Atomic Batteries. Polymer tritium sources are promising for use in atomic batteries. They can be
. made very thin, which makes it possible to concentrate in a small volume a considerable surface emitting
electrons. In addition, such batteries will be much lighter than the usual kind. : '

LITERATURE CITED

1.. . Basic Rules of Hygiene for Work with Radioactive Substances and Other Sources of Ionizing Radiation,
‘ OSP-72 [in Russian], Atomizdat, Moscow (1973), p. 18.

Norms of Radiation Safety, NRB-76 [in Russian], Atomizdat, Moscow (1976), p. 22.

G. D. Gorlovoi and V. A, Stepanenko, Tritium Emitters [in Russian], Atomizdat, Moscow (1965),
. E. Evans, Tritium and Its Compounds [Russian translation], Atomizdat, Moscow (1970).

A. Manin, Bull. Inf. Sci. Tech. CEA, No. 178, 65 (1973). .

- V. M. Kaloshin et al., Compounds and Products Containing Radioactive Isotopes. A Catalogue [in

. Russian], V/O "Izotop," Moscow ( 1975), p. 14, ‘
'7,'_' . D.. Bopp and W. Parkinson, in: The Effect of Radiation on Organic Materials [Russian translation],
© .. Atomizdat, Moscow (1965), p. 445, : ‘
-8, . R. Davis and C. St. Pierre, Nucl. Instrum. Methods, 64, 348 (1968).

SRS I O XY

132

Declassified and Approved For Release 2013/02/01 : CIA-RDP10402196R000800030002-2




- Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030002-2

COMPARISON OF THE RESULTS OF CALCULATING
FAST-NEUTRON PASSAGE THROUGH HYDROGEN
AXND CARBON LAYERS

E. B. Brnd‘km, A. N. Kozhevmkev, - - _ : UDC 539.125.5.17.52
V. G. Madeev, V. A. Utkin, ’ : :
and A. V. Xhrustalew

Although our theoretical understanding of radiation transfer is now sufficiently complete, and the possi-
bility now exists of realizing even the most rigorous method of solving transfer equations, the problem of
reliability of the results obtained arises in calculating the protection of power reactors by a single program.
The simplest method of estimating the indeterminacy of the calculation is to compare the results obtained
using several programs, preferably of different classes, using independent systems of constants.

As experiments show, the main causes of discrepancy in the results are the initial microconstants used
in the calculation, the methods of transforming them, and the model adopted to describe radiation transfer.
The aim of the present work is to analyze the effect of these factors on the results. This analysis is best
carried out in conditions of the simplest radiation-source geometry, so that the effect of other more signifi-
cant factors is eliminated. In the present work, the dependence of tlie fast-neutron flux density on the thick-
ness of hydrogen and carbon layers is calculated.

The hydrogen (p = 0.111 g/cm3) and carbon (p = 1.65 g/cmB) media are represented in the form of an
infinite plate of thickness 120 cm, and the neutron source in the form of an infinite plate of thickness 1 cm with
isotropic sources py = 107 g/cm® uniformly distributed over the volume. The neutron energy distribution of
the source corresponds to the fission spectrum. The programs used in the calculations are described brlefly
below,

Program ROZ-5 (1] is intended for the solution, in the multigroup approximation, of problems on the
passage of neutrons meutron problems), primary (arising in the fission of uranium) and secondary (formed in
the capture and inelastic scattering of neutrons) y radiation in one-dimensional plane geometry, and also for
the solution of corresponding combined problems and the calculation of perturbation-theory functionals. ROZ-5
is based on the discrete-ordinate method., Finite-difference equations are solved by an iterative method, using
accelerated convergence according to the mean-flux method. Calculations using the ROZ-5 program were car-
ried out with the ARAMAKO-2F system of constants, providing for the representation of the elastic-scattering
cross section in the Py approximation. The neutron energy range (from thermal to 10.5 MeV) was represented
in the form of 26 groups.

" The MOKDIF program [2] is intended for the calculation of the spatial —energy distribution of neutrons
in a heterogeneous medium of one-dimensional geometry (a sphere, infinite cylinder, or plate). The program _
algorithm is based on a combination of the Monte Carlo method and the spherical harmonic method (P, approxi-
mation), The program is combined with the NEDAM system of group (52 groups) constants [3] for Monte Carlo
calculations (at an energy >0.1 MeV) and a 21-group system (for an every <0.1 MeV).

The SABINE-3 program [4] is intended for the calculation of the spatial - energy distribution of neutrons
and v quanta in a heterogeneous medium of one-dimensional geometry (sphere, cylinder, plate).

The algorithm of the neutron problem is based on diffusion as the method of introduction. The introduc-
tion flux density is calculated in 19 energy groups by numerical integiation over the source volume. The dif-
fusion equations for each of the 26 groups are solved by the method of factorizing the second-order linear
operator, with several typical boundary conditions. I solving the y probleni, the method used was integrd-
tion over the source volurne with exponential attenuation and an accumulation factor. The program is added
to the existing library, containing the nuclear constants for reactlons between neutrons and y quanta for 33

elements.

Translated from Atomnaya Energ1ya, Vol. 48, No. 2, pp. 112-113, February, 1980. Original article
submltted March 23, 1979,
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Fig. 1. Spatial distribution of neutron flux in hydrogen:
1) E < 0.1 MeV; 2) E > 6.5 MeV; M) calculation by the
MOKDIF program with vacuum conditions at the bound-
ary to the left of the source; R) calculation by the
ROZ-5 program, with the same conditions; S) calcula-
tion by the SABINE-3 program with "reflection" condi-
tions at the source — medium boundary.
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Fig. 2. Spatial distribution of neutron flux density in
carbonat E > 0.1 MeV: M) calculation accordingto the
MOKDIF program, with vacuum conditions at the bound-
ary to the left of the source; R) calculation by the
ROZ-5 program with the same conditions; S} calcula-
tion by the SABINE-3 program, with "reflection™ con-
ditions at the source — medium boundary.
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The results calculated for the spatial distribution of neutrons of different energy groups in hydrogen and
carbon for the same formulation of the problem according to the above programs are shown in Figs. 1 and 2,
It is evident that the results of calculations for the two materials differ with increase in thickness (by more
than a factor of two for a thickness above 100 cm). As was assumed, the cause of the discrepancy in the re-
sults can be analyzed sufficiently thoroughly for the case of hydrogen, since the neutron interaction cross sec-
tion is known with good accuracy for this element over practically the whole of the given energy range, neu-
trons are scattered only elastically, and the differential scattering cross section is expressed by a simple
formula.

In the 1mt1a1 calculation by the ROZ-5 program, an S—group representation of the neutron spectrum was
used in the range 0.1-10.5 MeV, in accordance with the ARAMAKO-2F system of constants. Since the neutron
flux density calculated by ROZ-5 with this representation of the energy distribution was found to be less than
the same neutron flux density as calculated by the MOKDIF program, it was concluded that 8 groups are msuf-
ficient for the representation of the spectrum in this range.

" To verify this conclusion, the ROZ-5 program was used to calculate the spatial distribution of the neutron
flux density in the energy range 0.1-13.,5 MeV in a 30-group representation and in the range 6.5-13.5 MeV in an
11-group representation. The total group interaction cross sections were calculated on the basis of the cross
sections used in the MOKDIF program. The group scattering indices were determined from the analytic for-
mula for elastic scattering. Comparison of the results obtained by the MOKDIF and ROZ-5 programs with the
same system of constants (Fig. 1) shows that they are in good agreement over the whole of the thickness range
(0-120 cm). This indicates that the reason for the discrepancy in results obtained using programs realizing
more rigorous models of radiation transfer should be sought primarily in the system of constants used together
with the computational program.

Analysis of the reason for the discrepancy is complicated, of course, when the comparlson is of results
obtained using programs in which different degrees of rigor are adopted in modeling the neutron-transfer pro-
cess, or when there are several types of interactions of the neutrons with nuclei of the medium, and their
cross sections cannot be expressed by simple dependences. This is the case when comparing results obtained
using the SABINE-3, ROZ-5, and MOKDIF programs, both for hydrogen (in comparing SABINE-3 with ROZ-5
and MOKDIF) and for carbon (in comparing any pair of programs). As yet, it has not been possible to perform
a sufficiently complete analysis of the discrepancy in the results for the calculated versions of the spatial dis-
tribution in carbon. However, in view of the significance of the results in themselves, it seemed useful to
present them here,

In conclusion, note that analysis of the identity of results obtained from different programs using some
system of constants is one of the most urgent, and inadequately solved, problems in the investigation of all
possible radiation-field characteristics. :
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:ViANALYSIS OF ACTIVATION METHOD FOR MEASURING
V FAST NEUTRON INTERACTION CROSS SECTIONS

A. N, Davletshin, A. O. Tipunkov, S . UDC 539.125.5
S. V. Tikhonov, and V. A. Tolstikov ' ' T

g Data obtained by various experimenters using various methods, even for such well-studied nuclides as
‘287 and ¥"Au, show appreciable divergences. This is particularly true for energies 31 MeV. Not only are

- these differences in data obtained by time-of-flight and activation methods, but even the results obtained by

. various experimenters using the activation method show divergences. We are convinced that these differences
" result from an incorrect account of the background corrections for the effects of neutron scattering.

In irradiating samples at an electrostatic accelerator it is necessary to determine the activity Ny in-
duced in a sample by neutrons reaching it directly from the target. However, some neutrons leave the target »

"~ and undergo various interactions in structural elements before reaching the sample. The spectrum of these

. neutrons may be considerably different from that of neutrons arriving directly from the target. These back-
. ground neutrons induce activities in the sample which we shall call sample backgrounds. There are also other
reasons why the measured effect differs from Noyo.

We describe briefly the sources of sample backgrounds and methods of measuring them.

1. Room Background Apy. This background is the result of neutron scattermg from the walls of the
laboratory, and is assumed constant far from the walls.

. For 1ong half-lives it is convenient to determine this background by comparing the activities of samples
irradiated simultaneously under normal conditions (~4 cm from the target) and at a distance of ~2-3 m from
. the target, or by measuring the activity of the sample as a function of the distance from the target. By extrap-
' olating this relation to an infinite distance, we obtain the value of Ag;.

: 2. Sample Background Ag,. Most of the neutrons which interact with the sample undergo elastic and

3 inelastic scattering. The mean free path of these neutrons after scattering in a disk sample is appreciably
-longer than the sample thickness. Such neutrons can increase the activity of the sample as a result of radia-

- tive capture. This effect can be determined by using samples of various masses and extrapolating the experi-

mental values of the cross section to zero mass. Since this background amounts to less than 2% of the activity

of the sample, it was calculated, : ' ’ '

3. Container Background AB;. A U,O; sample is usually packed in a nickel container. In addition, it
is also packed in a cadmium container to decrease the room and target support backgrounds. This leads to a
decrease in the neutron flux incident on the sample. At the same time, neutrons scattered in the containers
cause further activation of the sample. The combination of these effects leads to an increase in the activity of
the sample. The value of this background is determined by measuring the activities for containers of various -
masses.

. 4. Target Support Background Ag,. The target support is a very massive structure, and is located close
to the sample. Its main elements affecting the activation conditions of the sample are a layer of cooling water
and a brass cover. Neutrons leaving the target outside the solid angle subtended by the sample are scattered
and cause additional activation when they strike the sample. This effect is decreased to a certain extent be-
cause of the attenuation of the direct neutron flux in the target support. This background is also determmed by
measuring the activity for target supports of various masses,

5. Background Resulting from the Anisotropy of the Neutron Source Ag;. The activation of the sample
by neutrons from the target is a linear function of the geometric factor Gg,, which depends on the dimensions
of the source and sample, and the distance between them. Measurements of the activity of the sample for
various distances from the target showed that at distances < 5 cm the activity of the sample is lower than it

Translated from Atomnaya F:‘nergiya, Vol. 48, No. 2, pp. 113-115, February, 1980. Original article
submitted April 23, 1979; revision submitted July 10, 1979,

136 . 0038-531X/80/4802-0136 $07,50 © 1980 Plenum Publishing Corporation

Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030002-2



Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030002-2

BE ¢ _ ' a

AABa,ﬂ/o S

il
0 q‘f 018 ’)Z 116 E"y MeV

® 2 \1\"-\6 m-‘\\\ + U’OJ
8, | Al

< .

<

1r m* 0116

]
Sk © 1] ! { ! S
5 £ 02 04 {),6' 08 10 12 £n, MeV
41 ° ’ ’
N o
g I = 4 s c
I o . Cd o § 2| H ®
1 . : <1 L ]
5 . .
. o c i | |. | ! |' .
1 ] - ! 1 : B '
0 7 4 6 4 6, b 0 1 4 3 4 5 6&" MeV
Fig. 1 . Fig. 2 -

Fig. 1. Relative values of backgrounds of: a) room AABy; b) sample
‘AAB;; c) containers for U;Og and Au samples AAg;. Here and in
Fig. 2: O) experiment; —) least squares average, :

" Fig. 2, Relative values of backgrounds of target support AAp,, ani-
sotropy of neutron source AAB;, and sample holder AAB, for U,04 and
Au samples. ‘

should be for a linear law There are two reasons for this. TFirst, the differential cross sections for the
T(p, n)*He and "Li(p, n)"Be reactions decrease with increasing angle of departure of the neutrons. Second,
neutrons emerging at larger angles are more strongly attenuated by the target support structure. At the same
time,. this effect is partially compensated by neutrons which emerge at larger angles and have lower energies
than neutrons which emerge at 0°. The background AR is measured as follows: The sample is irradiated at
the normal distance of 4 cm from the target and at a distance of 6 cm, for which the linear law of variation of
activity with Ggj is still valid. The difference between the normalized activities'is the background sought.

6. Sample Holder Background Agg. Some of the neutrons scattered by the brass sample holder fall on
the sample and give rise to further activation. The value of this background can be determined by using sam-
ple holders of various masses. )

Figures 1 and 2 show the results of measurements of various sample backgrounds in the form of the
relative contribution AAgj for 350-1400 keV neutrons. If the background is different for U;O4 and Au samples,
the results are shown on separate graphs. The backgrounds of the containers and sample holder are shown as
functions of the total microscopic cross section of the corresponding element, and normalized to unit mass.
This is convenient in view of the presence of resonances in the cross sections,

The value of AA R for uranium was calculated from the estimate of AA pi for gold samples. Inaddition, this back-
ground was determined for three values of the neutron energy from the dependence of the activity of the uran-
ium samples on the distance from the target. These values with errors are also shown on the graph, The
calculated and measured values are in complete agreement.

The AAp, background is larger for gold than for uranium, although the energy dependences are similar.
This results from the fact that neutrons scattered in the target support and falling on the sample have substan-
tially lower energies than neutrons incident at 0°. The probability of their capture by a gold nucleus is larger,

‘since the resonance integral for gold is 5.5 times as large as that for uranium.
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Fig. 6. Total background correction as a function
of neutron energy for U;O; and Au samples.

Most of the experimental values of the background AAgR; were measured as described above. AAg; for
uranium was determined for three values of the neutron energy from the dependence of the activity of the sam-
ples on distance (2-40 cm). These values and the experimental errors were plotted. Agreement with the re-
maining data is good. )

Using the background estimates obtained, the total background correction 6Apg was calculated for the
. experimental radiative capture cross sections of *%U and *’Au. The calculated results are shown in Fig. 3.
In the neutron energy range considered the total random errors of the corrections vary from 1.4 to 1.9% for
gold, and 1,3-2% for uranium. '

The main contribution to the total random error comes from AAg,. The conditions of measurement of
this background are such that it may have an appreciable systematic error. An estimate shows that for Ep =
350 keV this error for gold (AAg, = 12.5%) may reach 3%. The reason is that the target support makes a large
contribution to the background, and cooling it with water does not decrease it significantly. In addition, added
background mass cannot be distributed in the same way relative to the target as the main mass. It follows
from the above that it is necessary to lighten the target support as much as possible and to cool it with gas in
order to lower the contribution of the background AAg, and to decrease its systematic error appreciably.

Thus, taking careful account of background corrections changes the value of the experimental capture
cross section appreciably, even for neutrons with energies less than 1.5 MeV. There is no mutual compensa-
tion of the scattering corrections in activation measurements. An underestimate of the effects investigated in
this paper can cause the difference in values reported by various experimenters.
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YIELD AND ANGULAR DISTRIBUTIONS OF |
PHOTONEUTRONS FROM THICK LEAD TARGETS

A. P. Antipenko, V. G. Batii, N UDC 539.172.284:539.124.162.6 -

V. Ya. Golovnya, V. I. Kasilov,
N. I. Lapin, L. A. Makhnenko,
and S. F. Shcherbak

The purpose of this study is to investigate the yield and angular distributions of photoneutrons from lead
targets of different thicknesses in the 1mpmgmg -electron energy range of 60- 200 MeV.

The measurements were made by the activation method on a beam from the LUE-300 lmear electron
accelerator. We used the reaction 2'Al(n, p)?'Mg with Ty = 9.8 mm Threshold detectors, which were alu-
minum disks 48 mm in diameter and 4 mm thick, were placed at a distance of 50 cm from a lead target over a
range of angles from 0 to 165° with the axis of the impinging electron beam, spaced 15° apart. The activity of
the detectors was measured with a scintilla'tion Y spectrometer which had an NaI(Tl) crystal measuring 63 x 63
mm, ' '

- Data on the integral neutron flux were obtained with an error of +10% by the method of effective threshold
cross sections (1], The total mtegral neutron flux was. determined from the relation

= Ko (Eegf,

where K is a coefficient taking account of the contribution made by the neutrons with energies less than the ef-
fective reaction threshold. A value of K =~ 12 was obtamed from an estimate of the shape of the photoneutron
spectrum given in [2]. The error in determmmg & was 20%.

Figure 1 shows the variation of the fast-neutron flux density (E > 4.5 MeV) at different angles as a func-

_ tion of the thickness of the lead target for an electron energy of 200 MeV. The diameter of the target was con-

stant, equal to 43 mm. It can be seen that for a thickness of more than 18 radiation lengths (1 radiation length
equals 5.6 mm) there is practically no increase in the neutron yield at all angles. In the rest of our study we
used a lead-target thickness of 100 mm for the measurement of the angular and energy variations.
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Fig. 1. Fast-neutron flux density as a function of target thickness at angles of -
30° (@), 90° (), and 150° (A) at a. distance of 1 m from the center of the target,
with an electron—beam current of 1 uA.

Fig. 2. Angular varlatlon of the fast-neutron flux density for an 1mp1ngmg-—electron
energy of 60 (1), 125 (2), and 200 (3) MéV and a beam current of 1 yA. '

" Translated from Atomnaya Energiya, Vol. 48, No. 2, pp. 115-116, February, 1980. ‘Origi‘nalv article
submitted April 23, 1979. : ‘
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Fig. 3. Variation in the shape of the graph of fast-neutron
flux density vs angle as the target thickness is varied (elec-
tron-beam current 1 pA, distance from center of target
1m): 1) d=1; 2) 2; 3) 3; 4) 4; 5) 8; 6) 16 radiation
lengths; O) experimental points. ‘ '

Fig. 4. Neutron flux as a function of impinging-electron
energy at an electron-beam power of.1 kW.

Figure 2 shows the angular distributions of fast neutrons, which demonstrate the anisotropy of the neu-
tron yield, with a maximum at 90°. In a number of earlier experimental studies {3-5] measurements were
made on the angular distributions of fast photoneutrons from targets with a thickness of 310 radiation lengths
with Eymax = 22-55 MeV. The investigators also observed anisotropy of the neutron yield; with a'maximum
at angles close to 90°. This effect can be explained essentially by the small contribution of the statistically
emitted neutrons in the energy region Ep > 4.5 MeV. The angular distributions of such neutrons are usually
described by the sum of the first Legendre polynomials [3, 6, 7].

Figure 3 shows the varlatlon in the shape of the graph of the fast—neutron flux density v$ angle for dif-
ferent lead-target thicknesses, with an electron energy of 200 MeV. For a target thickness of 1 to 4 radiation
lengths we observe a striking anisotropy, with a maximum at small angles. For a target thickness greater
than 4 radiation lengths, the neutron yield at 90° increases considerably. - A

The absence of a 90° maximum in the angular distribution and the presence of an anisotropy in the forward
direction when the target thickness is less than 4 radiation lengths is explained by the attenuation of the neutron
flux by the target material at angles close to 90° (by a factor of ~1.6, according to our estimates); the flux of
neutrons flying forward remains practically unattenuated, and the flux of the neutrons flying backward is atten-
uated only slightly (for a target with a thickness of only 1 radiation length and § = 165° the attenuation factor is
about 1.1). It is also apparent that for a small target thickness the bremsstrahlung spectrum is harder, and
consequently the contribution of the reactions which yield isotropy, e.g..(y, 2n) and others, is greater [8].

Figure 4 shows the variation of the total neutron flux from a lead ‘target 100 mm thick as a function of

the impinging-electron energy calculated per unit beam power. It can be seen that the specific neutron yleld

- for an electron energy of more than 100 MeV reaches its maximum value of 2.2 + 0.4 - 10!% neutrons/sec kW,
and for higher electron-energy values it remains pfactically 'constant This value is in good agreement with
the results of the calculations in [9] for a lead target 102 mm thick and 50 mm in diameter, which showed 1.6 -
1012 neutrons/sec +kW (using the cross section obtained by Harvey et al.) and 2.8 1012 neutrons/sec kW (using
the cross section obtained by Miller et al., and also with the data of an experimental study {10] for a lead tar-
get 60 mm thick and 25 mm in diameter, which showed (2.7 + 0.8) - 10!2 neutrons/sec -kW.

The above experimental results may be useful in the design of fast-neutron sources based on linear elec-
tron accelerators
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A N(EW SYSTEM Of‘ GROUP CONSTANTS FOR THE .
CALCULATION OF FAST REACTORS .

L. N. Abagyan, N, O. Bazazyants, : . UDC 621.039.51.134
M. N. Nikotaev, and A. M. Tsibulya : ‘

A good deal of work is now being done on a new version of the BNAB-78 system of group constants, which
now includes data for 17 elements and 1sotopes for fuel materlals - 235U 238U 239Pu, and 240Pu for struc-
tural and techno loglcal materials — Fe Cr, N1, Mn Na, O C, and 4He for materials of the control compo-
nents — ’Bu and Eu; and also for D 3He, and Er. " Efforts to extend this system are being made. In the
study of isotopes for which new group constants have not yet been prepared, data from the earlier version of
the system of constants [1, 2] can be used. ‘

The work on the BNAB-78 was carried on in two stages. The first stage took account of the data pub-
lished in 1977 for differential microscopic experiments alone. The result of this stage was the development
of a system of constants which has come to be known as BNAB-MIKRO. The choice of the variation of the
cross sections of 235U, 239Pu, and %py as functions of ene rgy was based on éstimates made by Kon'shin et.
al. [3-5]; in the case of Fe, Ni, and Cr the choice was based on estimates made at the Nucléar Data Center
[6-8]. The results of these estimates were corrected, taking account of newly obtained experimental infor-
mation. The constants for carbon and !°B were based on estimates taken from the ENDF/B llbrary {9]. The
remaining data were obtained from the results of our own estimates. '

The second stage consisted in an analysis of the divergences between the results of experiments con-
ducted on fast critical assemblies and the resuits of calculations by BNAB-MIKRO sysi:em.~ We con-
sidered data obtained on 21 assemblies with uramum fuel'and 13 assembhes with plutomum fuel, in five cases
these experiments related to media with Koo

We observed a contradiction between the new expemmental data on the excxtatlon cross section for in-
elastic scattering of the 47 keV level of B8y (10, 11] and the results of measurements of the ratios of the fis-
sion and capture cross sections in 3} to the fission cross section of ®°U in a medium of metallic uranium
with 5.56% enrichment and ke, = 1. These measurements were independently made by different methods in the
USSR, the Federal Republic of Germany, France, and Great Britain [12, 13] and led to very exact results (1%)
which were in excellent agreement, To explain these data, we had to reduce the cross section of inelastic
scattering by **U for an energy of hundreds of keV to the level of the earlier results obtained by Smith [14]
{(which served. as the basis for the earlier version of the BNAB constants [1]).. The capture cross section of
%81 used in BNAB-MIKRO [15] in the region from 2 to 40 keV also had to be reduced to the level of the esti- -
mate made by Tolstikov [16]. The results of the analysis of macroexperiments also indicated a need to in-
crease the fission cross section of *°Pu by 1.5%, which was done. Unlike the change -in the cross sections of
28y, this change is completely consistent with the latest experimental data {17], which were not taken into
account in the BNAB-MIKRO system.

The system of constants with the indicated changes in the cross sections of **U and ?**Pu has been given
the name of BNAB-78. In addition to the groups of the BNAB-70 system of constants, the BNAB-78 system
includes a group 0 (10.5—14. MeV) and a group -1 (14-14.5 MeV); it includes data on the characteristics of

Translated from Atomnaya Energlya, Vol. 48, No. 2, pp. 117-118, February, 1980. Original article
submitted May 8, 1979, ‘ _
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TABLE 1. Divergences between Calculation and Experiment in the Criticality Coefficients,
Cross-Sectional Ratios, and Reactivities of Small Specimens in the Centers of the Active
Zones of Fast Critical Assemblies, %

No.of Divergence ' ‘Accuracy Divergence

- | . “lof one ' .

Characteristic |experi= | pap 7 [3NAB-MIKROBNAP M+ BNAP'"L |2 [ Esormeav | TS |t
_ {ments ~ Xpt. - : )

Fgg (*5U) 16 —0,4 —0,9 —0,1 | —0,1 08 {02/ 04" 0,4 0,7
leog (33°Pu) 12 —2,6 —1,9 | —1,0| —0,2 | 09 {0,3 -—0,3 —0.3 0,1
5, (38U)o, (2U)| 32 —0,7 2,2 1,3 1,4 53 109 2,8 2,0 1 —0,1
o, (238U)/o (285U) 17 2,4 3,9 0,3 0,3 { 2,3 10,6 —2.6 —1,8 | —1,4
Gy (BPu)joy(sU)| 30 —4,7 2,1 ~2,0 | 0,5 | 33 |06 —0,7 —1,9 | —3.1
g, (240Pu)/oy (2350) 13 —0,8 2,6 2,1 2,4 9,9 2,8 7.3 6,8 1,2
p (238U)/p (235U) 13 —4.4 --0,8 ~2.8 | —1,6 | 94 |25 —51 | —0.8 6,7
o (B*Pu)/p (3351) 20 —3,2 —2,4 —20 | —02 1 36 |08 —1,8 —4 31
p (19B)/p (2250)) 19 |22 —16 5| —13 11 2,5 [ —17 9.7 | ~86
o (Fe)/p (35U) 12 | —1 ] 6 6 27 8 8 1,4 | =15
p (Ni)/p (233U) 10 —5 17 19 20 | 12 4 8 15 9
p (Cr)/p (350) 9 -3 19 20 21 16 - 5 28 .31 -8

+BNAB-M differs from BNAB-MIKRO only in the change of the 23U cross sections; the fission eross section of _mPu
remains the same. . . :

delayed fission neutrons; the resonance structure is described both with the aid of self-shielding factors and
in the subgroup representation; the anisotropy of inelastic scattering is described to Wwithin the Py approxi-
mation; group cross sections are given for the most important reactions: (, 2n), (n, p); @, o), and others.

Table 1 contains data on the average divergences between calculation and experiment in the characteris-
tics of critical assemblies obtained by different versions of the BNAB constants and also by the foreign sys-
tems of constants ENDF/B IV {18], JAERI-FAST, and JENDL-1 [19]. Tt also shows estimates of the errors
in the results of individual experiments (according to the mean-square distribution and the errors of the
average divergences between calculation and experlment (less by a factor of VN than the error of an individual
experiment; N is the number of experiments of a given type). The latter relate only to the results of the cal-
culation using the BNAB constants, since the calculations by the forexgn‘, systems of constants were carried
out only for some of the critical assemblies we considered. The data show that the use of BNAB-78 ensures
the calculation of the characteristics which determine the neutron balance, to within experimental errors,

The calculated reactivity of 10p is found to be too low regardless of what system of constants is used.
We assume that the reason for this lies in some still unidentified methodological errors in the experiments
and/or the calculations. The same cause may be responsibie for the considerable divergences in the reactiv-
ities of Cr and Ni: in the experiment on the KBR-3-3 assembly [20], in which these reactivities were mea-
sured and calculated most reliably, the divergences between calculation and experiment are small.

The BNAB-78 system of constants is recommended for use in physical calculations for fast reactors.
and neutron shielding. According to our estimates, the errors obtained with it for the calculated prediction
of kogr and the coefficient of reactivity of a large plutonium breeder reactor with partly burned-up fuel are
1%, 2%, and 3%, respectively. These errors are due to the inaccuracy of the data on the cross sections of
parasitic capture {chiefly in fragments) and in the case of the coefficient of reactivity they are also due to
inaccuracies in the value of «.

It should be noted that at the time of publication of this paper, the BNAB-78 system has been supple-
mented by revised group constants for 'Li, "B, Al, Si, Ca, Cd, Cd, and Pb. For all the materials, tables
of the formation of y quanta in neutron reactions (for 15 y groups) have been formulated, so that we can
recommend these constants for the calculations of radiation shields as well. '
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COLLATION OF SEVERAL METHODS OF PULSED
v-RAY DOSIMETRY

Yu. P. Bakulin, V. N, Kapinos, ) UDC 539.12.08
A. P, Korotovskikh, and Yu. A. Medvedev

At the present time devices are being developed [1-5] for measurements of the dose and dose rates of
pulsed ionizing radiation, but they do not include standard means of measurement. It is therefore of great
interest to compare the results of dosimetric investigations carried out by various methods. Such a compari-
son is made in the present paper for y-ray pulses with a duration of roughly several tens of nanoseconds and
a characteristic 1eading edge of about 10 nsec,

The exper1ments were performed with a highly stable pulsed source of bremsstrahlung, ensuring a
maximum dose rate of 8-10°A/kg. In our collation we compared the shape of the dose-rate pulses recorded
by high-frequency [2, 5, 6] and scintillation [7] methods and integral doses measured by high-frequency and
thermoluminescent [8] methods,

To record the pulse shapes by high-frequency methods we used a detector with a dynamic range of 2.5 -
10%-8-10° A/kg. The choice of precisely this detector was due to the fact that the upper limit of its dynamic
range corresponded to the upper limit (~2.5-10° A/kg) of the range of the scintillation counter used in the
collation.

Translated from Atomnaya Energ1ya, Vol, 48, No..2, pp. 118-119, February, 1980 Original article
submitted July 3, 1979; revision submitted August 27, 1979.

0038-531X/80/4802-0143 $07.50 © 1980 Plenum Publishing Corporation .143

Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030002-2



Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030002-2

g' 10ns'e_¢':
g .
g: TABLE 1. Bremsstrahlung Doses Recorded
_;,-._."o by High-Frequency and Thermoluminescence
© IKS-A Dosimeters
o
A Expt., {D 103/ D+ 10°, | Expt. [D-10,|D+10°, ,
& No. [C/k8 | c/kg | PP | o, |C/kg|C/kg | PP
Time, nsec :
i 1 2,2 2,0 1,1 0 3,0 2,5 11,2
Fig. 1. Normalized copies of oscxllographlc : 521 20 | 12 '7) e 13
. records of y-ray dose-rate pulses recorded 3 2,3 3,3 10,7 8 28 30 0,9
" by high-frequency (1) and scintillation (2) de- g %’3 %'% }’?, o | %8 3 1.4
tectors with pulse duration of 40 nsec.

We compared the shapes of pulses recorded by high-frequency and scintillation methods (Fig. 1). The

pulse ‘duration 7 at half-height (FWHM) was 41 and 36 nsec, respectlvely Analysis of the normalized curves ~
indicates good agreement between the shapes of dose-rate pulses, A(t) and A'(t), recorded by high-frequency -

and scintillation detectors, respectively. The value of the integral dose was found from the readings of the ‘
high-frequency and scintillation detectors D and D', by using the relation

D = kAmax T - (1)

where Amax is the maximum value of A(t) and k is the form factor of the dose rate pulse as given by

b duiD’, ' ' S 2

oe_.—-,s

‘The results of comparisons of the integral doses are given in Table 1. In the plot corresponding to the
thermoluminescence method the values given for the doses are averaged over the readings of two or three
. IKS-A thermoluminescent dosimeters arranged on the eylindrical surface of the high-frequency detector. The
. doses of the pulsed ionizing radiation, found from the readings of the high-frequency and thermoluminescence
- . detectors, agree to within 30%.

Since there was practically no distinguishable spread of the readings of the high-frequency detector when
the experiments were repeated many times, the deviations given in Table 1 for the readings of the high-fre-
“quency and thermoluminescence detectors are entirely due to the spread of the readings of the thermolumines-
. cence dosimeters.

" Analysis of the normalized curves of the time dependence of the y-ray dose rate, recorded by high-
frequency and scintiilation detectors, showed that the observed difference lies within the limits of experimen-
tal errors which are determined primarily by the error of the oscillograph recorder (~10%). The slower
decay of the pulse at the output of the scintillation detector is explained by the existence of slow components
in the pulse characteristic of the plastic scintillator [7} and, possibly, by the energy dependence of the detec-
tors tested. In conclusion, let us point out that the time resolution of the high-frequency method is estimated
. to be roughly 10 nsec [5]. '
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CORRECTIONS TO NEUTRON FLUX MEASUREMEN TS
BY GOLD FOIL ME THOD '

G, M. Stukov and I. A, Yaritsyna 3 UDC 539,125.5.08

We have determined highly accurate corrections to the perturbation of the thermal neutron flux density
in water by the gold foil method under specific conditions of measurement. At the same time, we have found
the correction to the gold activity measured by the 478 — y coincidence method for foils of finite thickness when
the g-counting efficiency (sp) is less than unity. The foils used in the experiment were 20 mm in diameter and -
of nine different thicknesses from 1.6 to 47 mg/cm The mass of each foil was determifiéd to within 0.05%. A
foil of each thickness was irradiated twice (with and thhout a cadmium cover 0.7 mm th1ck) in a tank of dis-
tilled water with a neutron source at the center. The activity of the foils was measured with a standard 4n8 -y
coincidence counter. The correction to the gold activity (1 + @) was first determined as a function of the
parameter f = (1 — 8,3)/ eg (11, which was varied by shielding with very thin unactivated gold foils of various
thicknesses. This varled eg from 85 to 42%. The results of the experiment are shown in Fig. 1. The least-
squares method was used to find the required correction to the activity for any value of (1 — EB)/ €8 (the straight
line in Fig. 1). The relation obtained was used later to find the true activity of gold foils in measurements with
a 4B — vy coincidence couster.

The specific activity (AT) of Ay induced by thermal neutrons was determiined for each foil from the
usual formula for the cadmium difference, and the required correction for the perturbatlon for each f01l thick-
ness can be calculated from the expression .

K = A./4,, 1)

where A; is the specific activity of an infinitely thin foil corresponding to an imperturbed thermal neutron flux
density. The value of A; can be determined by extrapolating the available values of AT, to zero foil thickness t=o. It is
convenient, however, to extrapolate to t = 1/A, since in this case the approximating furiction is iinear, and
the least-squares method can be used. In accord with [2] we have

A @ e

A i t@ds’ )
% ~ Qo (pat) .
2pmt “opar . (3)
[V (;mt)~1_|_2” 3 (for pat < 1). (4)
5 108
I
£ 104
7995 I T Y : sk . -
0,9‘0 .0’4 qd '(1‘5;)/5ﬁ \§100 AT TS RN ST S SUR T |

0 0. A W Lmg/em?
Fig. 1 Fig. 2

Flg. 1. Correction to gold act1v1ty as a function of

(1 = eg)/ep

Fig. 2. Reciprocal of specific activity of gold foil
as a function of foil thickness.

: Translated from Atomnaya Energlya, Vol. 48, No. 2, pp. 119 120, February, 1980, Original article
submitted June 26, 1979.
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| Substitutihg Egs. (3) and (4) into (2) we obtain

/Ay = (1/4y) + B, : (5
where t is the foil thickness and B is a proportionality factor.

Applymg Eq. (5), the results were processed by the least—squares method (Fig. 2). The value of A, was
determmed to within 0.1%. :

Thus, the correction to the perturbation of the thermal neutron flux density by gold foils in water was
~ determined under conditions frequently encountered in practice, when the flux density varies within the dis-
" tance between source and foil. The error of this correction is reduced considerably. Thus, e.g., for foils
20 um (39 mg/cmz) thick, the thickness most frequently used in measuring neutron fluxes at the UEN-3,
- amounts to 0,2%. The decrease in the error of this correction led to a significant increase in the accuracy of
. the absolute measurement of the neutron flux by the method of activation of gold foils.
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DETERMINATION OF THE LANTHANUM, CERIUM,
~ PRASEODYMIUM, AND NEODYMIUM CONTENT OF
' SOLUTIONS BY AN X-RAY SPECTRAL METHOD
. USING THE SRF-5 INSTRUMENT

I. M. Krasil'nikov, I. D. Skorova, : UDC 621.039.66.667
A. V., Sholomov, P, A, Konstantinov, : :
and A. P. Matyushin

The automatic regulation of processes for the extractive separation of complex mixtures of rare-earth
_.elements (REE) provides for high-speed checking of the amounts of three or four dlfferent REE at specified
" stages of the technological process.

_ An x-ray spectral method {1] was used for conducting such a check. The measurements were made on
the SRF-5 x-ray fluorescent spectrometer on the basis of the K series of the characteristic radiation of the
- REE, since the small energy values of the characteristic radiation of the L series (4.6-7.6 eV) would have

_ made the high-speed analysis much more difficult [2]. The advantages of using the characteristic radiation
‘of the K series for the analysis of the REE were noted earlier in [3]. In order to avoid the accumulation of
"ails" in determining one of the REE (the range of measured concentrations is 0.05-30 g/liter, and the total -

~_ amount varies from 1 to 300 g/liter), a high resolution is required in the spectrometric device, and the SRF-5

 instrument provides such high resolution. Although the SRF-5, in order to take account of the matrix effect,
 is equipped with an obturator device, which makes it possible to use the standard-and-background method, _
- in the present case it could not be used, since the specific intensity of the signal and the background does not
“vary uniformly when the composition of the matrix varies. For example, determination of lanthanum, cerium,
and praseodymium by the standard-and-background method leads to a deviation of 35-55% between the analysis
‘results and the true values. The study of the components of the background radiation requires separate con-
sideration. However, the relatively high energy of the characteristic radiation of the K series of lanthanum,
cerium, neodymium, and praseodymium and the similarity of their absorption characteristics were prerequi-
sites for making corrections in the measurement results by using an estimate for the variation of the absorb-
ing properties of the samples investigated and of the standard specimens. '

Such an estimate is made by means of an additional scintillation ecounter, which records a narrow beam
(1.5 mm in diameter)of the primary emission of the x-ray tube and transilluminates the cuvette with the solution

Translated from Atomnaya Energiya, Vol. 48, No. 2, pp. 120-121, February, 1980; Original article
submitted June 25, 1979,
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TABLE 1. Coefficient of Variation in the
Determination of the Concentration of Various .
REE by the x-Ray Spectral Method, Taking
‘Account of Matrix Effects, %

concen- — TConcen- -
Element | tration %‘f’if:;‘i’a‘:‘ifgn Element| fration | Coefficient
| g/liter g/liter |of variation

Ce 27 4 Nd 0,62 3

La 13 5 Pr 3 3

Nd - .8 3 0,22 6

being analyzed. The elctrical signals from the scintillation counter are discriminated by a one-channel ampli-
tude analyzer in the ~40 keV energy range and are transmitted to a counting device. If we take account of the
fact that the energy resolution of a scintillation counter with an NaI(T1) crystal (thickness 10 mm) is 30-40%
for an energy of ~ 35 keV, we can take it that the counter registers radiation with an energy of 30-40 keV.

The characteristic radiation of the Kgy, lines of cerium, lanthanum, praseodymium, and neodymium falls into
this energy range. Thus, using an additional counter, we can determine the variation in the absorptive prop- -

erties of the samples investigated in the range of energy of the characteristic radiation of the elements being
analyzed. ‘

The measurement of the intensity of the Ky . lines of REE on the SRF-5 and the additional transillumina-
tion required 2.5 min and 40 sec, respectively, i.e., the total analysis time is not increased. ,

. An analysis of the solutions for the amounts of the listed REE was conducted on the basis of one standard
specimen with a known content of each element being analyzed. The concentration of the relevant REE in the
sample was calculated by the formula

Isamy

. ¢ ' :

where Cget is the concentration of the element being determined in the sample; C,, concentration of the ele-
ment determined in the standard specimen; B, ratio of the values of the intensity of the radiation which passed
through the sample and through the standard specimen, measured with an additional scintillation counter;
‘Isamp, intensity of the Ko, line of the determined element in the sample being studied; Iy, intensity of the Kq,
line of the element being determined in the standard specimen. The accuracy of the method is characterized
by the variation coefficients obtained (Table 1). The lower threshold of sensitivity of the determination of the .
concentration of lanthanum, cerium, praseodymium, and neodymium, calculated by the 3¢ criterion, is 0.02
g/liter, '

C get =CoB

The above-described method was successfully used in practice in an analytical laboratory and enabled us
to carry out high-speed checks without preliminary preparation of the sample (analysis time ~ 5 min) on the
larthanum, cerium, neodymium, and praseodymium content in liquid products of the extractive separation of
REE. This method can be used for determining the amounts of other REE, in particular samarium, europium,
and gadolinium, which makes possible the high-speed checking of the entire technological process of REE
separation. . :
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AXIAL STABILITY OF VVER-1000 REACTOR WITH CONTROL
WITH MINIMUM STANDARD DEVIATION |

A, M. Afanas'ev and B, Z, Torlin UDC 621.039.56

, The xenon height stability of the neutron field in the VVER-1000 reactor with the rods of the automatic
controller (AC) inserted to various depths and with pickups at various locations was studied in [1]. The
‘present paper gives the results of investigations on the stability of a reactor which, in addition to an auto-
 matic controller, has a height distribution regulator (HDR) based on an auxiliary control rod (CR) or a special
shortened absorption rod (SAR). The HDR was controlled by using either a special ionization chamber (IC),
generating an imbalance signal which sets the CR in motion, or two ionization chambers whose difference sig-
- nal causes a displacement of the SAR. Since data from numerous pickups can be used to control the-height
field of the VVER-1000, it is of interest to analyze how this would affect the stability of the reactor.

_ The analysis was carried out with the improved IRINA programs [2, 3], making it possible to calculate

- the influence function of each CR or SAR on the neutron field as well as to calculate the complex values of the
frequencies of xenon oscillations over a wide range of variation of their real parts. In the calculations we
" used the same reactor parameters as in [1] and also deviated somewhat from the calculated [4] power coefficients
of reactivity (local @y and integral @j) to reduce their absolute values. The resulting decrease in stability
made the reactor more sensitive to the effects studied and permitted a more definite observation of the ten-
_dencies in the behavior of the neutron field under a change in the number or position of the pickups.

The reactor stability will be characterized by the die-away time T of the least stable (first) axial normal

v " mode [2]. In all the examples considered the dying-away process was oscillatory [2]. The period of the oscil-

lations varied from variant to variant and averaged 33 h (with a spread of +5h), The algorithm for the opera-
~ tion of the rods was determined by the requirement that the following condition be fulfilled:

M . .
Ea;,—q‘;:o, ji=4,2, .., N, ' . (1)
. i=1 .
where M and N, reépectively, are the numbers of pickups and rods; ¢j, deviation of the neutron flux from
"the steady-state value at the location of the i-th pickup; and aji weighting factors. It can be shown that

M
_ .miqzitpf, i.e., the minimum standard deviation of the neutron flux from its steady-state distribution is attained
- 1= .

. if for ajj we take ¥jj, the value of the influence function of the j-th rod at the site of the i-th pickup. It is

precisely this kind of control of a neutron field with an AC and SAR that Table 1 gives the values of T for

. various numbers of pickups, uniformly arranged over the height of the reactor core, The end of the AC rod .

"~ and the center of the SAR, whose absorbing part is equal to half the height of the reactor core, are at the
‘middie of the reactor. ‘

TABLE 1. Values of T for Optiinal Control
with AC and SAR, h

al &4 Me=3 M= M=28 M=3*

~—0,005 | —0,0045 [ 17,2 11,2 1,3 29,0
—0,005| 0 17,9 11,0 10,6 55,2
—0,002] 0 23,1 1 10,7 |—36,41

*Here and in Table 2 the pickups were located at 1/3,
1/2, and 2/3 of the height of the reactor core.

. THere and in Table 2, the time constant of the oscilla-
tions of the neutron field. .

Translated from Atomnaya Energiya, Vol. 48, No. 2, pp. 121-122, February, 1980. Original article
submitted July 9, 1979,
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TABLE 2. Valuesof T for Nonoptlmal TABLE 3. _Values of T for Optimal Control
. Control with AC and SAR, h with Two CR, h
ag ag M=3 | M=4 | M=7 | =3+ *1 “i M=2 | M=5 M=3

28,6 —0,005 —0,0045 10,9

—0,005 11,2 9,0 8,0 30,4 0005 0 : ’ ;
—8,002 8 ;g.g 10,8 9,1 |—69,4% —0,002 0 ‘1312 3:3 31%

Table 2 gives the values of T for the same variants as in Table 1, but here the weighting factors in Eq.
(1) for AC were taken to be unity instead of ¥; ji- The data of Table 2 permit the conclusion that increasing
the number of pickups not only can improve the quality of the transient process, but can also have a positive
influence on the speed of the control system. The data in the last columns of Tables 1 and 2 are interesting
in that they were obtained with the pickup arranged most closely to each other in the central part of the reac-
tor core. It is easily seen that this resulted in a loss of stability. When ay = —0.002, the reactor even proved
to be unstable. However, if in this variant the central pickup is disconnected, the system immediately becomes
stable with an oscillation die-away time of T = 18.9 h. The system can be made even more stable if the remain-
ing pickups are moved to the edges of the reactor. Thus, with the pickups placed at 1/4 and 3/4 of the height

~ of the reactor core, the die-away time is reduced to 6.9 h. An example of an unsuccessful use of pickups was

mentioned in [1]: the AC rod is actuated by the IC placed in the central part of the reactor core; the SAR is
controlled by a difference signal from the upper and lower IC. In this case, even with a] = —0,005 and aj =
—0.0045 the system is unstable with a xenon-oscillation time constant of 44.1 h,

In conclusion, we look briefly at the stability characteristics of a reactor with two CR which ensure con-

" trol of the neutron field with minimum standard deviation and which are placed at 1/3and 2/3 of the height of

the reactor core. Table 3 gives the die-away time T for variants with two and five pickups, arranged uni-
formly over the height, and with three pickups, one of which is at the center and the other two are at a dis-
tance of 1/6 of the core height from the core edges. The data of Table 3 also indicate that increasing the num-
ber of pickups uniformly arranged over the height is conducive to improving the stability and that a noticeable
effect in enhancing the stability can be achieved by moving the pickups closer to the edges of the reactor core.
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YIELDS OF !31Re, 182MRe, 182Re, 183Re, 184mpe,
, ‘18'4Ré‘ AND !86Re IN THE BOMBARDMENT OF

TUNGSTEN BY PROTONS AND DEUTERONS, AND
v TANTALUM BY o« PARTICLES

P. P. Dmitriev and G. A. Molin . UDC 539.172.12

- Radionuclides of rhenium are obtained with a high yield in "carrier-free" form-in the bombardment of
- tungsten by protons and deuterons, and tantalum by « particles. We have measured the dependence of the
: 181Re Bampe  182Re, 183Re, 184mRe and '®Re yields on particle energy for a thick tungsten target bombarded
with protons and deuterons with energies up to 22.3 MeV, and tantalum bombarded with « particles with ener-
* gies up to 43 MeV., Theoretical yield curves were calculated for ®*Re. I measuring the yields of radio-~
nuclides the following values of half-lives, energies, and quantum yields of v lines were adopted: ¥'Re (20 h,
1365.5 keV, 56.4% [1]), 8TMRe (64 h, 1121.28 keV, 23% [2]), B2Re (12.7 h, 1121.28 keV, 31.9% [2]), 183Re (700
days, 291.72 keV, 3.31% (3], 8m g (165 days, 920.93 keV, 8.3% [4]), ‘84Re (38 days, 792.07 keV, 37.4% [4]).
The half-lives of the radionuclides are convenient for research and applications.

_ Stacks of foils were bombarded in the deflected beam of the FEI cyclotron. The tungsten foil was 98
- mg/cm? in thickness, and the tantalum 36 mg/cm? The energy of the particles after passing through each
foil was determined from data in [5]. The average energy of the particles was determined to within 1.5% by
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Fig. 1. Yields of 18lRe, 182MRe, 182Re, 1831?&3,A“3‘m“f{xe, 1Re, and '**Re as functions of
proton energy for a thick tungsten target: O) ¥Re; 0O) ®*MRe (x5); ®) B%Re; A)
¥'Re; m) "MRe (x25); A&) “Re; — — —) "°Re.

Fig. 2. Yields of 18lpe, 182Mpe  182Re 18Ry, 18MMpe  184pe  and 186Re as functions of
deuteron energy for a thick tungsten target: O) 3'Re (x2); [) 1¥TMRe (x5); @) ¥%Re;
A) '8Re; m) BMRe (x20); A) MRe; — — —) 18Re (:10).

Translated from Atomnaya Energiya, Vol. 48, No. 2, pp. 122-124, February, 1980. Original article
submltted July 9, 1979, :
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81Re as functions of a-particle energy for a thick
tantalum target: O) ¥!'Re (x2); o) BMRe (x 5);
®) '¥Re; A) Re; ) BIMRe (x100); A) ®Re (x 10).

measuring the absorption of the beam current in aluminum. The radionuclides were identified by y energies -
and half-lives. The activity of the nuclides was measured by the photopeaks of selected y lines (in measuring
the activity of !®Re the small contribution of the %MRe - 184Re decay branch was taken into account). The
photopeaks were measured on a vy spectrometer with a DGDK-50 A1 Ge(Li) detector having a resolving power
(FWHM) of 3.2 keV at.1332.51 keV (¥Co) and 1.7 keV at 122.06 keV (*'Co). The photoefficiency of the detector
was found with a set of OSGI radiators. The integrated beam current was determined from the *Zn activity in
copper monitor foils 18 mg/cm? thick. From an analysis of the data of [6-8] and our measurements of the
relative behavior of the excitation functions, the following values of the monitor reactions were adopted:

Cu(pn)®2n, 6 = 46 mb, E, = 22.5 MeV;

$Cu(d2n)%Zn, o = 525 mb, by — 22.5 MeV;

“Cuf{e, pn + 2n), 0 = 325 mb, Ey, = 44Mev.

Figures 1-3 show the experimental values of the nuclide yields. The error in measuring the yields is 12-14%,
and is due mainly to systematic errors in measuring the activity and integrated current. Strong interference
of the 182Re ¥ lines of nearly the same energy prevented the measurement of the 186Re activity by the photopeak

of the 137.15 keV vy lines, and therefore the *Re yield curves were calculated theoretically as in [9] (r, =
1.3 fermi),

When tungsten is bombarded with protons and deuterons ™ Re (T, 2'= 2.0+10° years) is formed also.
The spins of *™MRe and MRe are both 8*, and an estimate of the SEMEL yield from the !3MRe yield [only

for the (p, n) and (d, 2n) reactions] gives a ¥MRe yield of 2,710~ pCi/pAh for protons and 8.9 1077 uCi/uA -h
for deuterons, both at 22 MeV. :

Some data on yields and cross sections with the formation of rhenium nuclides are given in [10-13].
Hermes et al. [10] measured the excitation functions of the 181Ta(oz, 2n)%3Re reaction up to E, = 48 MeV, .
18174 (@, 3n)182M4A)Re yp to Eg = 58 MeV, and *'Ta(a, 4n)"™®Re up to Ey = 80 MeV. Integration of the excita-
tion functions gives 10.8 and 263 1Ci/uAh, respectively, for the 3Re and !81Re yields at E, = 43 MeV, which
are in satisfactory agreement with our results. At Eq = 80 MeV the '!Re yield is 2900 uCi/uA -h. Since the

(@, 3n) cross sections for ¥#MRe and '82Re are not reported separately in [10], we cannot compare these data
with ours,

The excitation functions of the ®*W(d, 2n)"Re reaction were measured by Pement and Wolke [11] at
energies up to 14 MeV, and by Nassiff and Miinzel [12] for energies up to 16.7 MeV. The values of the cross
sections in [12] are approximately twice as large., Our theoretical calculations are in good agreement with
data in [11]. For example, the cross section at the maximum of the excitation function is 380 mb according to
our data, and 350 and 647 mb, respectively, according to [11, 12]. Nassiff and Miinzel measured the activity
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“of 186Re by the photopeak Ey =137, 15 MeV, and the overestimate is possibly related to the background of 182Re

-y lines of nearly the same energy. Pement and Wolke bombarded a W target enriched to 97.2% in '8W, and

. ‘measured the '%Re activity by g radiation. The yield curves for !**Re and '®Re in the bombsardment of tung-

".sten by 22 MeV protons and deuterons given in [13] differ appreciably from our results. It is difficult to indi-

_ cate the reasons for these differences, since it is stated in [13] that the values of the quantum yields of v lines
in the measurements of the activity of '®Re and !®Re were taken from [14], but only the relative mtens1ty of

© the v radiation for ‘83Re and '¥Re is given in [(14].

The authors thank Z. P, Dmitrieva for performing the calculations.
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